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ADVERTISEMENT 



TO THE SECOND EDITION 



The former edition of this little work was given to 
the public in the shape of Lectures, as delivered, in 
compliance with the regulations of the Chair which 
the author then occupied, and without any expecta- 
tion that its u^e would extend much beyond the circle 
of his immediate hearers. It has, however, found its 
way elsewhere ; and the author has been urged, by 
some of his fellow-labourers in other Universities, to 
reprint it. 

With this request he could not but comply ; and 
he trusts that the delay in acceding to it may be ex- 
cused to those who made it, by the desire of the 
author to render the work more deserving of their 
favourable estimation. 

In the present edition some account is given of 
the more important discoveries in Physical Optics, 
which have been made since the publication of the for- 
mer. In preparing these additions, the author has 
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derived much aid from the Repertoire dOptique Mo- 
derm of the Abb6 Moigno, — a work which contains a 
full analysis, and critical discussion, of most of the 
recent researches in Optics. He has also to acknow- 
ledge his obligations to M. Moigno, for the favourable 
introduction of the former edition of the present work, 
in the pages of the " Repertoire,'' to the notice of Con- 
tinental readers. 

The form of Lectures has been abandoned ; but 
the author fears that the style still retains more of the 
traces of the lecture-room than is consistent with a 
formal scientific treatise. His only aim has been to 
present, to those who were conversant with the ele- 
ments of Mathematics, a clear and connected view of 
his attractive subject ; and he has been compelled, by 
this limitation, to confine himself in many cases (as in 
all that relates to the Dynamics of Light) to a general 
account of methods, and of their results. Those who 
desire a more exact acquaintance with the science will, 
of course, study it in Sir John Herschel's Essay on 
Lighty and in Mr. Airy's Tract on the Undvlatory 
Theory of Optics. 



Tkhtitt College, Dublin, 
March \Uh, 1867. 
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CHAPTER L 

PROPAGATION OF LIGHT. 

(I) Natural bodies may be divided into two classes in 
relation to Light. Some possess, in themselves^ the power of 
exciting the sense of vision, and of producing the sensation of 
light ; while others are devoid of that property. Bodies of 
the former class are said to be luminous ; those of the latter, 
non-luminous. The Sun and the fixed stars are all luminous 
bodies; terrestrial bodies are luminous, in the states oi incan- 
descence^ combustion^ ov phosphorescence. 

Non-luminous bodies acquire the power of exciting the 
sensation of light in the presence of a luminous body. Thus, 
a lamp or candle illuminates all the objects in a room, and 
renders them visible ; and the light of the Sun illuminates the 
Earth and the planets. This property of bodies is due to 
their capacity of reflecting light, and belongs to them in dif- 
ferent degrees. 

(2) The foregoing distinction of bodies, obvious as it seems, 
was not fully comprehended by the ancients. According to 
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them, vision was performed by something which emanated 
from the eye to the object; and the sense of Sight was explained 
by the analogy of that of Touch. In this view, then, the sen- 
sation was represented as independent of the nature of the 
body seen ; and all objects should be visible, whether in the 
presence of a luminous body or not. This strange hypothe- 
sis held its ground for many centuries. The Arabian astro- 
nomer, Alhazen, who lived in the latter part of the eleventh 
century, seems to have been the first to refute it, and to prove 
that the rays which constituted vision came from the object 
to the eye. 

(3) The light of a luminous body emanates from it in all 
directions. Thus, the light of a lamp or candle is seen in all 
parts of a room, if nothing intervenes to intercept it; and the 
light of the Sun illuminates the Earth, the Planets, and their 
satellites, in whatever position they may be placed respect- 
ing it. 

Each physical point of a luminous body is an independent 
source of light, and is called a luminous point, 

(4) Non-luminous bodies are distinguished into two classes, 
according as they allow the light which falls upon them to pass 
freely through their substance, or intercept it. Bodies of the 
former kind are said to be transparent ; those of the latter, 
opaque. 

There are no bodies in nature actually corresponding to 
these extremes. The most transparent bodies, as air and water ^ 
intercept a sensible quantity of light, when of sufficient 
thickness ; and, on the other hand, the most opaque bodies, 
such as the metals^ allow a portion of light to pass through 
their substance, when reduced to lamindB of exceeding tenuity. 

(5) In the same homogeneous medium, light is propagated 
in right lineSy whether it emanates directly from luminous 
bodies, or is reflected from such as are non-luminous. 
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This is proved by the &ct that when an opaque body is 
interposed in the right line connecting the eye and the lumi- 
nous source, the light of the latter is intercepted, and it ceases 
to be visible. The same thing is proved also by the shadows of 
bodies, which, when received upon plane surfaces perpendi- 
cular to the path of the light, are observed to be similar to the 
section of the body which produces them. 

This property of light was recognised by the ancients ; and 
by means of it the few optical laws which were known to 
them became capable of mathematical expression and reason- 
ing. Any one of these lines, proceeding from a luminous 
point, is called in optics a ray. 

(6) In a perfectly transparent medium, the intensity of 
the light proceeding from a luminous point varies inversely as 
the square of the distance. 

This is easily proved, if light be supposed to be a material 
emanation of any kind. For the intensity of the light, received 
upon any spherical surface whose centre is the luminous point, 
is as the quantity of the light directly, ^nd inversely as the 
space over which it is diffused. But none of the light being lost, 
the quantity of light received upon any spherical surface is the 
same as that emitted, and is therefore constant ; and the space 
of diffusion, or the area of the spherical surface, is as the square 
of its radius. Hence the intensity of the light is inversely as 
the square of the radius, i. e. inversely as the square of the 
distance. 

Let the light be supposed to emanate from the points of 
an uniformly luminous surface, which we shall suppose to be 
a small portion, of a sphere. Then the quantity of light 
emitted is proportional to the quantity emitted by a single 
point, and the number of points (or area) conjointly. Hence 
if a denote the area of the luminous surface, and t the quan- 
tity emitted from a single point, which is a measure of the 

B 2 



b 



4 PROPAGATION OF LIGHT. 

absolute brightness^ the intensity of the illumination, at any 

distance cf, is 

ai 

(7) A plane surface, whose dimensions are small in com- 
parison with the distance, and which is perpendicular to the 
incident light, may, without sensible error, be considered as a 
portion of a spherical surface concentric with the luminary. 
The intensity of the illumination, therefore, or the quantity of 
light received upon a given portion of such a plane, is expressed 
by the formula of the preceding Article. 

When the surface is inclined to the incident light, the 
quantity of the light received by any given portion is dimi- 
nished in the ratio of unity to the sine of the angle of inclination. 
The intensity of the illumination is, therefore, diminished in 
the same proportion, and is expressed by the formula. 

ai sin 

being the inclination of the surface to the incident light. 

(8) Experience proves that the eye is incapable of com- 
paring directly two lights, so as to determine their relative 
intensity. But, although unable to estimate degrees^ the eye 
can detect differences of intensity with much precision ; and 
with this power it is enabled (by the help of the principles 
just established) to compare the intensities of two lights indi» 
rectly. 

Let two portions of the same paper (or any similar reflect- 
ing surface) be so disposed, that one of them shall be illumi- 
nated by one of the lights to be compared, and the other by 
the other, the light being incident upon each at the same 
angle. Then let the distance of one of the lights be altered, 
until there is no longer any appreciable difference in the inten- 
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sities of the illuminated portions. The illuminating powers of 

the two lights will then be as the squares of their respective 

distances ; and their absolute brightnesses as the illuminating 

powers directly, and as their luminous surfaces inversely. For, 

if i and i' denote the absolute brightnesses of the two lights, 

a and a the areas of the luminous surfaces, and d and d' their 

distances from the paper, the intensities of illumination are 

ai sin . at sin . . j ^i. i. • j j 

— -z^ — and — -zq — , respectively ; and these bemg rendered 

equal in the experiment, we have 



ai d 



2 
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. The following simple and convenient mode of practising this 
method was suggested by Count Rumford. A small opaque 
cylinder is interposed between the lights to be compared and 
a screen ; in this case it is obvious that each of the lights 
will cast a shadow, which is illuminated by the other light, 
while the remainder of the screen is illuminated by both lights 
conjointly. If, then, one of the lights be moved, until the sha- 
dows appear of equal intensity, their illuminations are equal, 
and, therefore, the illuminating powers of the two lights are 
to one another as the squares of their distances from the 
screen. 

(9) Light is propagated with a finite velocity. 

This important discovery was made in the year 1676, by 
the Danish astronomer, Olaus Boemer. Koemer observed that 
when Jupiter was in opposition, and therefore nearest to the 
Earth, the eclipses happened earlier than they should according 
to the astronomical tables ; while, when Jupiter was in conjunc- 
tion, and therefore farthest, they happened later. He thence 
inferred that light was propagated with a finite velocity, and 
that the difference between the computed and observed times 
was due to the change of distance. This difference is found 
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to be 8°* 13*; and accordingly the velocity of light is such, 
that it traverses 192>500 miles in a second of time. 

(10) The velocity of light, combined with that of the 
Earth in its orbit, was afterwards applied by Bradley to explain 
the phenomenon of the 'aberration of the fixed stars. From the 
theory of aberration so explained, it followed thact the velocity 
of the light of the fixed stars is to the velocity of the Earth in 
its orbit, as radius to the sine of the maximum aberration. 
This latter quantity — the constant of aberration, as it is called 
— is now found to be 20"'36 ; and the Earth's velocity being 
known, the velocity of the light of the fixed stars is deduced. 
The value so obtained is 191,500 miles in a second, which dif- 
fers firom that inferred from the eclipses of Jupiter's satellites, 
by only the i^^ji^ part of the whole. 

From this it follows, that the dkect light of the fixed stars, 
and the reflected light of the satellites, travel with the same 
velocity. 

(11) The velocity of light, emanating from a terrestrial 
source, has been recently measured by M. Fizeau, by direct 
experiment. The first idea of this experiment was communi- 
cated to M. Arago, by the Abbe Laborde, a few years before ; 
its principle will be understood from the following description. 

Let the light of a lamp be reflected nearly perpendicularly 
by a mirror placed at a considerable distance ; let a toothed 
wheel, the breadth of whose teeth is equal to that of the interval 
between them, be interposed near the luminous source ; and let 
the mirror be so adjusted that the light passing through one 
of these intervals is reflected to that diametrically opposite. If 
the eye be placed behind the latter interval, the wheel being 
at rest, it will perceive the reflected ray, which has traversed 
a space equal to double the distance of the mirror from the 
wheel. But if, on the other hand, the wheel be made to re- 
volve rapidly, its velocity may be such that the light trans- 
mitted through the opening at one extremity of the diameter 
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shall not pass through the opposite aperture on its return, but 
be intercepted by the adjacent tooth ; and it will be conti- 
nually invisible to the eye, so long as the wheel revolves with 
the same velocity. If the velocity of the wheel be doubled, 
the light will be transmitted, on its return, through the sue* 
ceeding opening, and will reappear to the eye. If the velo- 
city be trebled, the light will be intercepted by the next tooth, 
and there will be a second eclipse ; and so on. 

It is plain that if the velocity of the wheel, correspond- 
ing to the 1st, 2nd, 3rd, or w'* eclipse, be known, the ve- 
locity of the light may be calculated. Thus, if the wheel 
makes n revolutions in a second, and has p teeth, the time 

of passage of one tooth across the same point of space = — 



«■ ' 



of a second. Consequently, the first eclipse will correspond 

1 . • . . 

to - — of a second. But in the same time the light has twice 

traversed the distance between the wheel and the mirror. If, 

therefore, that distance be denoted by a, the velocity of light 

will be 

F= 205 X 2np. 

If n be the number of revolutions in a second correspond- 
ing to the m'* eclipse, the velocity of light will be given by 

the formula, 

2np 



F=2ax 



2m -i 



The apparatus devised by M. Fizeau for this experiment 
is ingenious and effective. It consists of two telescopes, di- 
rected towards each other, and so adjusted that an image of 
the object-glass of each is formed in the focus of the other. 
The light from the source is introduced laterally into the first 
telescope, through an aperture near the eye-piece. It is then 
received on a transparent plate, placed between the focus and 
the eye-glass, and inclined at an angle of 45^ to the axis of the 
instrument. It is thus reflected along the axis of the first 
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telescope, having passed through one of the apertures in the 
revolving wheel, and is received perpendicularly on the mirror 
in the focus of the second. R then returns by the same route, 
and is received by the eye at the eye-glass of the first tele- 
scope. The distance of the two telescopes in M. Fizeau's ex- 
periments was 9440 yards. The revolving disc had 720 teeth, 
and was connected with a counting apparatus which measured 
its velocity of rotation. The first eclipse took place when the 
wheel made 12*6 revolutions in a second . With double the ve- 
locity, the light was again visible; with treble the velocity, there 
was a second eclipse, and so on. The mean result of the experi- 
ments gave 196,000 miles, nearly, for the velocity of light. 

(12) Let us now proceed to the physical explanation of 
f ' the foregoing facts. 

We have seen that light travels from one point of space 
to another in time, and with a prodigious velocity. Now, 
there are two distinct and intelligible ways of conceiving such 
a propagated movement. Either it is the same individual body 
which is found in different times in distant parts of space; — or 
there are a multitude of moving bodies, occupying the entire 
interval, each of which vibrates continually within certain 
limits, while the vibratory motion itself is communicated in 
succession from one to another, and so advances uniformly. 
These two modes of propagated movement may be distin- 
guished by the names of the motion oi translation and the mo- 
tion of vibration. The former is more familiar to our thoughts, 
and is that which we observe, when with the eye we follow 
tlie path of a projectile in the air ; or about which we reason, 
when we determine the course of a planet in its orbit. Mo- 
tions of the latter kind, too, are everywhere taking place 
around us. When the surface of stagnant water is agitated 
by any external cause, the particles of the fluid next the origin 
of the disturbance are set vibrating up and down, and this 
vibratory motion is communicated to the adjacent particles, 
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and from them onwards, to the boundaries of the fluid surface. 
All the particles which are elevated at the same instant con- 
stitute what is called a wave; and that this wave does not 
consist of the same particles in two successive instants may be 
seen in the movements of any floating body, which wiU be 
observed to rise and fall as it is reached and passed by the 
wave, but not to advance, as it must necessarily do if the par- 
ticles of the fluid on which it rested had a progressive motion. 
The phenomena of sound afibrd another well-known instance 
of the motion of vibration. The vibratory motion is com- 
municated from the sounding body to the ear, through all 
the intervening particles of die air, though each of the aerial 
particles moves back and forwards through a very narrow 
space. 

Each of these modes of propagated motion has been ap- 
plied to explain the phenomena of light ; and hence the two 
rival theories — the theory of emission and the wave-theory. 
In the former the luminous body is supposed to send forth, 
or emit, continually, material particles of extreme minuteness, 
in all directions. In the latter, the same body is supposed 
to excite the vibrations of an elastic ether y which are commu- 
nicated from particle to particle, to its remotest bounds. This 
ethereal medium is supposed to pervade all space, and to be 
of such extreme tenuity as to afibrd no appreciable resistance 
to the motions of the planets. 

Such are the two systems, some traces of which may 
be found even in the recorded opinions of the ancients. 
It is only within a period comparatively recent, however, 
that either of them has been stated formally, or supported 
by any show of reasoning. Descartes put forward, very 
distinctly, the hypothesis that light consisted of small par- 
ticles emitted by the luminous body, and he even endea- 
voured to explain the laws of reflexion and refraction on that 
supposition. But as Newton was the first to deduce the 
mathematical consequences of the theory of emission, he has 
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been usually' regarded as its author. The wave-theory was 
propounded by Hooke, in the year 1664 ; and was developed 
into several of its consequences^ a few years later, by Huy- 
gens. Let us examine each of these theories by the only test 
to which a physical theory can be subjected, — ^namely, the 
accordance of its consequences with phenomena. 

(13) The fundamental assumption of the theory of emis- 
sion — the hypothesis that light consbts of bodies moving with 
an immense velocity — would appear to be easily submitted 
to the test of experiment. If the weight of a molecule of 
light amounted to but one grain^ its momentum would equal 
that of a cannon-ball, 150 pounds in weight, moving with 
the velocity of 1000 feet in a second. The weight of a 
single molecule may be assumed to be many millions of times 
less than what has been here supposed ; but, on the other 
hand, many millions of such molecules may be made to act to- 
gether, by concentrating them in the foci of lenses or mirrors, 
and the effects of their impulse might be expected in this 
manner to be rendered evident. 

This apparently easy test of the materiality of light was 
appealed to by many experimental philosophers of the last 
century, and with various results. The effects observed have 
been traced, with much probability, to extraneous causes (such 
as aerial currents produced by unequal temperature) ; and it is 
now universally conceded that no sensible effect of the imptdse 
of light has been ever perceived. The experiments of Mr. Ben- 
net seem to be decisive on this point. In these experiments a 
slender straw was suspended horizontally by means of a single 
fibre of the spider's thread. To one end of this delicately sus- 
pended lever was attached a small piece of white paper, and 
the whole was inclosed in a glass vessel, from which the air 
was withdrawn by the air-pump. The sun's rays were then 
concentrated by means of a large lens, and suffered to fall upon 
the paper, but without any perceptible effect. 
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(14) But the actual velocity of light is not the only diffi- 
culty which the theory of emission has to encounter at the 
very outset. It has been further proved that this velocity is 
one and the same, whether the light is directly emitted from 
the sun or a fixed star, or reflected from a planet or its satel- 
lite ; that it is, in short, independent of the luminous source, 
as well as of the subsequent modifications which it under- 
goes in the celestial spaces. It is not easy to account for 
these facts in the theory of emission. The emissive force, 
required to produce the known velocity, is calculated to be 
more than a million of million times greater than the force 
of gravity at the earth's surface ; and it can hardly be sup- 
posed that this prodigious force is the same for all the various 
and independent bodies of the universe, and that it acts 
equally on all the particles of light, so as to generate in them 
the same velocity. Yet even this assumption will not avail. 
Laplace has shown, that if the diameter of a fixed star were 
250 times as great as that of oiur sun, its density being the 
same, its attraction would be sufficient to destroy the whole 
momentum of the emitted molecules, and the star would be 
invisible at great distances. With a smaller mass there will 
be a proportionate retardation, so that the final velocities will 
be diflferent, whatever be the initial ones. The suggestion of 
M. Arago seems te offer the only way of escaping the force 
of this objection. It may be supposed that the molecules of 
light are originally projected with different velocities, but 
that among these velocities there is but one which is adapted 
to our organs of vision, and which produces the sensation of 
light. 

The uniform velocity of light is, on the other hand, an 
immediate consequence of the principles of the wave-theory. 
It follows from these principles, that the velocity with which 
vibratory movement is propagated in an elastic medium de- 
pends in no degree on the exciting cause, but varies solely 
with the elasticity of the medium and its density. If these 
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then be supposed to be uniform in the vast spaces which in- 
tervene between the material bodies of the universe, the ve- 
locity will be the same, whatever be the luminous origin. 

(15) The rectilinear motion of light has long been urged 
in favour of the theory of emission, and against the wave- 
theory. If light consists in the undulations of an ethereal 
mediimi (it has been said), as sound consists in the undulations 
of the air, it should be propagated in all directions from every 
new centre, and so bend round interposed obstacles. Thus 
luminous objects should be visible, even when an obstacle is 
between them and the eye, just as sounding bodies are heard, 
though a dense body may be interposed between them and 
the ear, and shadows could not exist. 

To this objection, which was that chiefly urged by New- 
ton himself, it might be enough to reply, that though vibra- 
tory motion in an elastic medium is propagated in all direc- 
tions from every new centre, yet there is no reason to conclude 
that it is propagated with the same intensity in every direc- 
tion, however inclined to that of the original wave. In fact, 
analogy furnishes grounds for an opposite conclusion ; for 
there are a multitude of facts which prove that sound is not 
propagated with the same intensity in all directions, however 
inclined to the direction of the original motion. Now, if 
there be any difference between the intensity of the direct and 
lateral propagation, this difierence may be ever so great ; i. e. 
the ethereal medium may be so constituted that the intensity 
of the laterally-propagated vibration shall be insensible. 

But the solution of the difficulty rests upon more solid 
grounds than analogy. A more minute examination of 
the nature and laws of vibratory motion has, in fact, shown 
this to be the case, as respects the luminiferous waves. It 
has been proved, that whatever be the intensity of the partial 
waves of the ether, which are propagated laterally round any 
interposed obstacle, the total light resulting from their joint 
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action must degrade rapidly ; and the luminous fringes which 
have been observed within the shadows of bodies do, in fact, 
represent the intensities resulting from these lateral waves, 
when submitted to the most rigid mathematical calculation. 

(16) Let us now proceed to consider, somewhat more 
minutely, the nature of a wave and its mode of propagation. 

Let us conceive, then, a cord stretched in a horizontal 
position, one end being attached to a fixed point, and the 
other held in the hand. If the latter extremity be agitated, 
by the motion of the hand up and down, a series of waves 
will be propagated along the cord, each of which will advance 
uniformly. Here it is evident that each particle of the cord 
has merely a vibratory motion in a vertical direction. But 
as this vibratory motion is communicated from each particle 
to the next, along the whole length of the cord, — it will 
follow that some of the particles reach their highest posi- 
tion, when others are in the lowest ; while other particles, 
intermediate to these, are neither in their highest nor their 
lowest position, but in some intermediate state of their vibra- 
tion. Thus, while each particle moves only to and fro verti- 
cally, an undulation or wave is propagated horizontally along 
the string ; and there will be a succession of similar undula- 
tions as long as the original disturbance continues. The 
particles a, a', a", or the par- 
ticles 6, y, b'\ &c., are said 

to be in similar phases of vi- * ^^ *' 

bration. The vmve, or undulation, consists of all the par- 
ticles between two which are in similar phases, — as between 
a and a', or between b and V ; and the length of a wave is the 
distance between them, estimated in the direction in which 
the motion is propagated. It is evident from this description 
that a wave, or undulation, comprises particles in every phase 
of their vibration. 

Now, instead of a single string, let us suppose an infinite 




14 PROPAGATION OF LIGHT. 

number, all diverging from the same centre ; and let ns sup- 
pose that they are each made to undulate by a disturbing 
action at that centre, acting in a similar manner, and in tl\e 
same degree, on all. It is obvious, then, that an undulation 
will be propagated along all the strings ; and that these undu- 
lations will be equal in magnitude, and will be propagated 
with the same velocity, provided the strings be equal in ten- 
sion, elasticity, and other respects. In this case, then, simi- 
lar waves will be propagated to points equally distant from 
the origin of disturbance in the same time ; and all the points 
which are in a similar phase of vibration will be situated on 
the surface of a sphere^ of which that origin is the centre. 

In the place of the actual strings we have been consi- 
dering, let us imagine rows of ethereal particles connected 
by their mutual actions, and all that has been said will 
apply to the propagation of light, the luminous body being 
the source of disturbance. The length of the wave is the 
distance, estimated in any direction from the centre, of two 
particles which are in similar phases of vibration ; and it is 
therefore the space through which the vibratory movement 
is propagated in the time of a single vibration. Accordingly, 
if X denote the length of the wave, r the time of vibration, 
and V the velocity of wave-propagation, 

A = vr. 

(17) We have hitherto considered the propagation of 
vibratory movement without reference to any diversity in 
its nature. It is obvious, however, that vibrations may differ 
from one another in two particulars, — ^namely, in the space of 
vibration^ and in the time. In the aerial pulses the amplitude 
orthe vibration determines the loudness of the sound; and 
the frequency of the pulses, or the time of vibration, deter- 
mines its note. In like manner, the amplitude of the ethereal 
vibrations determines the intensity of the light ; and their 
frequency, or the period of vibration, determines the colour. 
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Thus, two lights may differ from one another in intensity and 
colour, the former depending (according to the wave-theory) 
on the space of vibration, and the latter on the time. 

But though the intensity of the light is obviously depen- 
dent on the amplitude of the vibration, yet it does not appear, 
dprtari, by what power of the amplitude it is to be represented. 
In fact, we must define what we mean by a double^ triple^ &c. 
quantity of light, before we can know how that quantity is to 
be mathematically measured. If then we say that a double 
light is the sum of the lights produced by two luminous ori- 
gins of equal intensity, placed close together, it is easy to 
prove that the quantity of light, in general, is measured by 
the square of the amplitude of the vibration. From this it 
follows that the intensity of the light diverging from any lumi- 
nous origin must decrease inversely as the square of the dis- 
tance; for, from the laws of wave propagation it appears that 
the space of vibration diminishes in. the inverse simple ratio of 
the distance. Thus the known law of the variation of the in- 
tensity of light is deduced from the principles of undulatory 
propagation. 

(18) The colour of the light (it has been said) depends 
on the number of impulses which the nerves of the eye receive, 
in a ^ven time, from the vibrating particles of the ether, — 
the sensation of violet being produced by the most frequent 
vibrations, and that of red by the least frequent. But the 
number of vibrations performed in a given time varies inversely 
as the time of a single vibration ; the colour of the light, 
therefore, varies with the time of vibration, or with the length 
of the wave in a given medium. By experiments, which will 
be described hereafter, it has been found that the length of a 
wave, in air, corresponding to the extreme red of the spectrum, 
is 266. ten-million ths of an inch, and that corresponding to the 
extreme violet 167 ten-millionths. The length of the wave 
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corresponding to the ray of mean refran^billty is nearly 200 
ten-millionths, or jtJ^zrzy^^ ^^ ^^ inch. 

It appears, then, that the sensibility of the eye is confined 
within much narrower limits than that of the ear ; the ratio 
of the times of the extreme vibrations which affect the eye 
being only that of 1*58 to 1, which is less than the ratio of the 
times of vibration of a fundamental note and its octave. There 
is no reason for supposing, however, that the vibrations them- 
selves are confined within these limits. In fact, we know that 
there are invisible rays beyond the two extremities of the spec- 
trum, whose periods of vibration (and lengths of wave) must 
fall without the limits now stated to belong to the visible 
rays. 

(19) The abermtion of light, it has been said, results from 
the movement of the Earth in its orbit, combined with the 
movement of light. Nothing can be simpler than its expla- 
nation in the theory of emission. In fact, we have only to 
combine the two coexisting motions according to the known 
mechanical law, and the apparent direction of the star is that 
of their resultant. The angle between this direction, and that 
of the principal component, is called the aberration. 

In order to explain this phenomenon, in accordance with 
the principles of the wave-theory, it seemed necessary to sup- 
pose that the ether which encompasses the Earth does not par- 
ticipate in its motion, so that the ethereal current produced by 
their relative motion pervades the solid mass of the Earth 
" as freely," to use the words of Young, " as the wind passes 
through a grove of trees." Fresnel has developed this hypo- 
thesis, and has shown that it suffices to explain other pheno- 
mena also, in which the Earth's motion is concerned. Profes- 
sor Stokes has lately shown that the same results may be 
deduced from a more plausible hypothesis relative to the 
mutual dependence of the ether and the Earth. 
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CHAPTER II. 



RBFLBXION AND REFRACTION. 



(20) When light meets the surface of a new medium, a 
portion of it is always turned back, or reflected. 

The reflexion of light is twofold. Thus, when a beam of 
solar light is admitted into a darkened chamber through an 
aperture in the window, and is allowed to fall upon a metallic 
mirror, a reflected beam is seen pursuing a determinate direc- 
tion after leaving the mirror ; and if the eye be placed in this 
direction, it will perceive a brilliant image of the sun. This 
beam is said to be regularly reflected^ and its intensity mcreases 
with the polish of the mirror. But it is observed also, that 
in whatever part of the room the eye is placed, it can always 
distinguish the portion of the mirror which reflects the light ; 
some of the rays, consequently, are reflected in all directions. 
This portion of the light is said to be irregularly reflected^ and 
its intensity decreases with the polish of the mirror. 

Irregular reflexion is due, mainly, to the inequalities of the 
reflecting surface, which is composed of an indefinite number 
of reflecting surfaces in various positions, and which therefore 
reflect the light in various directions. 

(21) The angles of incidence and reflexion (or the angles 
which the incident and reflected rays make with the perpen- 
dicular to the reflecting surface at the point of incidence) 
are in the same phmcy and are equal. This law is universally 
true, whatever be the nature of the light itself, or that of the 
body which reflects it. 

(22) The intensity of the reflected light, on the other hand, 

c 
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is found to vary greatly with the medium. The following lead- 
ing facts have been established experimentally. 

I. The quantity of light regularly reflected increases with 
the angle of incidence, the increase being very slow at mo- 
derate incidences, and becoming very rapid at great ones. 
Thus, water at a perpendicular incidence, according to the 
experiments of Bouguer, reflects only 18 rays out of 1000; 

m 

at an incidence of 40^ it reflects 22 rays ; at 60^, 65 rays ; 
at 80^ 333 rays; and at Sgi"", 721 rays. 

II. The quantity of light reflected at the same incidence 
varies both with the medium upon which the light falls, and 
with that from which it is incident. Thus, at a perpendicu- 
lar incidence, the number of rays reflected by water, glass, 
and mercury, are 18, 25, and 666, respectively, the number 
of incident rays being 1 000. The dependence of the quantity 
of the reflected light upon the medium ^om which it is in- 
cident is easily shown by immersing a plate of glass in water 
or oil. 

III. The differences in the reflective powers of different 
substances are much more marked «t small, than at great 
incidences. Thus, water and mercury — the first of which 
reflects but the one-fiftieth part of the incident light at a 
perpendicular incidence, while the latter reflects two-thirds 
— are equally reflective at an incidence of 89^*^, the number 
of rays reflected at this angle being, in both cases, 721 out of 
1000. 

(23) When light is incident upon the surfkce of a trans- 
parent medium, a portion enters the medium, pursuing there 
an altered direction. This portion is said to be refracted. 

When the ray passes from a rarer into a denser medium, 
the angle of incidence is, in general, greater than the angle of 
refraction, and the deviation takes place towards the perpendi- 
cular to the bounding surface. On the contrary, when the 
ray passes from a denser into a rarer medium, the angle of 
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UAcidenoe 13 leas than the angle of refraction, and the devia- 
tion iajrom the perpendi^ilar. 

(24) 7he angles of incidence and reaction are in the same 
plam > Qnd their sines are in an inv^rijMe ratio. 

Iq order tq verify this law expenmentajUyy it is only neces- 
sary to measure several angles of incidence at the surface of 
the same medium, and the corresponding angles of refraction* 
This was done by Ptolemy in the second century, and sub- 
sequently by Vitello in the thirteenth ; but both of these ob- 
servers failed in discovering the connecting law. The law of 
refrafitioA), just stated, was discovered by Willebrord Snell, 
about the year 1621. 

If and x^f be employed to denote the anglea which the 
portions ojf the ray in the rarer and denser medium, respec- 
tively, make with the perpendicular to the common surface, 
the second part of the law of refraction is expressed by the 

equation, 

sin ^ 8 /Li sin ypj 

fi being a constant quantity. This constant is termed the 
index of refraction ; and ^ce ^ > ^, it is always greater than 
unity. 

When a ray of light passes into any medium from a va- 
cuum, the index of refraction is in that case termed the abso^ 
lute index of the medium* For air, and the gases, it exceeds 
unity by a very small fraction; for water, fi = 1*336 ; for 
crown glass, fi = 1-535 ; for diamond, fi = 2*487 ; and, for 
chromate of lead, /t = 3. 

(25) When light traverses a prism, — that is, a medium 
bounded by two inclined plane surfaces, — the total deviation of 
the refracted ray is the si^n of the deviations at incidence and 
emergence. I^et ^ and ^'^denote the angles which the inci- 
dent and emergent rays make with the perpendieulars to the 
ftoes at the points of iBcidence and emergence, xf^ and \f/ the 

c 2 
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angles whict the portion of the ray within the prism forms 
with the same, then the deviations at incidence and emergence 
are, respectively, ^ - i^, and ^'- i//'; and the total deviation 
8 = ^ + ^'- (i/* + \l/)* Now, it is ea^ly shown that the alge- 
braic sum of the angles, which the portion of the ray within 
the prism makes with the two perpendiculars, is equal to the 
vertical angle of the prism ; or, denoting this angle by a, 

that 

\p + xft = a; 
wherefore 

8 = ^ + 0' - a. 

(26) When a ray of light is incident nearly perpendi- 
cularly upon a thin prism, the total deviation is constant, and 
bears an invariable ratio to the angle of the prism. 

For in this case the angles of incidence and refraction, being 
small, are {proportional to their sines, so that 

i> = fixpf ^' = fi\l/ ; and tp'^ <p' = fi(}p + \f/)= fia* 

Hence 

S = (/I - 1) a. 

(27) The deviation produced by a prism is easily deter- 
mined when the angles of incidence and emergence are equal. 

For we have seen that, generally, 

+ 0' = o + 8, yp + xj/ = a* 

But since, in this case, ^ - <p\ there is also yp^yfJ \ and con- 
sequently 

= i (a + 8), i/^ = ia. 

Hence we have 

sin i (a + 8) = /i sin ^a ; 

from which a-^^, and therefore 8, is determined. 

It may be shown that the angle of deviation, in this case, 
is the least possible ; and accordingly, if the prism be turned 
slowly round its axis, the inclination of the emergent to the 
incident ray will first decrease, and afterwards increase, ap- 
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pearing for a moment to be stationary between the opposite 
changes. By this principle it is easy to place a prism, experi- 
mentally, in the position in which the refractions are equal 
at both sides. 

(28) We are now enabled to determine the refractive 
index of a transparent solid experimentally. 

The first step of this process is to polish two plane faces, 
inclined to one another at a sufficient angle, and to measure 
that angle by a goniometer. This being done, the prism is to 
be placed, with its refracting edge vertical, before the object* 
glass of the telescope of a theodolite, so as to refract to the 
cross wires in its focus the rays proceeding fi-om a distant mark. 
The prism is then to be turned slowly round its axis, and the 
telescope moved, until the deviation is a minimum. The ho- 
rizontal circle being read, and the prism removed, the tele* 
scope is to be turned directly to the distant mark, and the 
reading repeated ; the difference of the two readings is the 
deviation. The angle of the prism and the deviation being 
obtained, the refractive index is given by the formula, 

sin i (a + 8) 

» _ ; . , 

^ sm -ja 

To determine the refractive index of a fluid, we have only 
to inclose it in a hollow prism, whose sides are formed of glass 
plates with parallel surfaces. For the course of the ray will 
be the same as if it had been incident directly from the air into 
the fluid, and had emerged similarly, without passing through 
the glass. 

(29) Let us now proceed to the physical explanation of 
the phenomena. 

To account for the phenomena of reflexion and refraction, 
it is supposed, in the theory of emission, that the particles of 
bodies and those of light exert a mutual action ; — that, when 
they are nearly in contact, this action is attractive ; — that, at 
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a distance a little greater, the attractive force is changed into 
a repulsive one ) — ^and that these attractive and repulsive forced 
succeed one another for many alternations. Nothing can be 
more reasonable than this hypothesis, granting that light is 
material ; for the succession of attractive and repulsive forces, 
here assumed, is altogether similar to that to which the 
known phenomena of molecular action are ascribed. 

On these suppositions Newton has rigorously deduced the 
laws of reflexion and refraction. In the case of reflexion, it is 
shown that the whole perpendicular velocity of the molecule is 
restored to it in an opposite direction, by the operation of the 
supposed repulsive force ; and, therefore, that the angles which 
its path makes with the perpendicular to the surface, before and 
after reflexion, are equal. In the case of refraction, it is proved 
that the efleot of the attractive force Is to increase the square 
of the perpendicular velocity of the molecule, by an amount 
which is constant for the same medium ; from which it follows, 
that the sines of the angles which its course makes with the 
perpendicular to the surface, before and after refraction, are 
in the inverse ratio of the velocities in the two media. This 
problem was the first in which the efiects of molecular forces 
were submitted to calculation ; and its solution is justly re- 
garded as forming an era in the history of science. 

(30) But although the theory of emission is successful 
in explaining the laws of reflexion and refraction, considered 
as distinct phenomena, it is by no means equally so in ac- 
counting for their connexion and mutual dependence. When 
a beam of light is incident on the surface of any transparent 
medium, part is in all cases transmitted, and part reflected ; 
the intensity of the reflexion being less, the less the difference 
of the refractive indices of the two media, and the reflexion 
ceasing altogether when this difference vanishes. How is it, 
then, that some of the molecules obey the influence of the re* 
pulsive force, and are reflected, while others yield to the 
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attractive force, and are refracted ? To account for this, New- 
ton was obliged to have recourse to a new hypothesis. The 
molecules of light, in their progress through space, are sup- 
posed to pass continually into two alternate states, or fits, 
which recur periodically and at equal intervals. While in one 
of these states, called the^^ of easy reflexion^ they are disposed 
to obey the repulsive or reflective forces of any body which 
they meet ; and, cm the other hand, they yield m(»:e readily 
to the attractive or reiractive forces, when in the alternate 
state, or Jit of easy transmission. Now, the molecules com- 
posing a beam of common light are supposed to be in every 
possible stage of these fits, when they reach the surface ; — 
some in a fit of reflexion, and others in a fit of transmission. 
Some of them, consequently, will be reflected, and others re- 
fracted, and the proportion of the former to the latter will in- 
crease with the incidence. 

To account for the fits themselves, Newton assumed the 
existence of an ethereal medium, analogous to that of Huy- 
gens, although he did not assign to it the same office. The 
molecules of light were supposed to excite the vibrations of 
this ether, just as a stone flung into water raises waves on its 
Bur&ce. This vibratory motion was supposed to be propa- 
gated with a velocity greater than that of the molecules ; so 
as to overtake them, and impress upon them the disposition 
in question, by conspiring with or opposing their progressive 
motion. In one of his queries Newton has even calculated 
the elastio force of this ether, as compared with that of air, 
in order that the velocity of propagation should exceed that 
of light. 

(31) The hypothesis of the fits has lost much of its credit, 
since the phenomena of the colours of thin plates (phenomena 
whidi first suggested it to the mind of Newton) have been 
shown to be irreconcilable with it. The explanation which 
it yields of the facts now under consideration is alike un- 
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satisfactory. In fact, the molecules which are transmitted 
are not all in the maximum of the fit of transi|iission ; but are 
supposed to reach the surface in everi/ posnble phase of this^ 
which may be called the positive fit. But f^ a change of the 
fit from positive to negative is, in general^^ufficient to over- 
come altogether the effect of the attractive force, and subject 
the molecule to the repulsive one, it is obvious that the phase 
of the fit must modify the effects of these forces in every inter- 
mediate degree ; and that the molecules which do obey the 
attractive force must have their velocities augmented in diffe^ 
rent degrees^ depending on their phase. Hence, as the direc- 
tion of the refracted ray depends on its velocity, the transmitted 
beam should consist of rays refracted in widely different angles> 
and should be scattered and irregular. 

(32) Let us now turn to the account which the other 
theory gives of the same phenomena, and of their laws* 

The velocity of propagation, in the wave-theory of Light, 
depends on the elasticity of the vibrating medium as compared 
with its density. In the same homogeneous medium the ve- 
locity will be therefore constant^ and the wave propagated 
from any centre of disturbance sphericaL But when a wave 
reaches the surface of a new medium whose elasticity is diffe- 
rent, it will give rise to two waves, one in each medium, and 
both differing in position from the original wave. For it is 
obvious that, in general, the several portions of the incident 
wave will reach the bounding surface at different moments of 
time. Each of these portions will be the centre of two new 
waves, one of which will be propagated in the first medium 
with the original velocity, while the other will be propagated 
in the new medium, and with the velocity which belongs to 
it 5 BO that there will be an infinite number of partial waves in 
both media, diverging fi'om the several points of the bounding 
suiface. But, by the piinciple of the coexistence qf small 
motions^ the agitation of any particle of either medium is the 
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sum of the agitations sent there at the same instant from these 
several centres of disturbance. The surfaces on ^hich these 
are accumulated will be the reflected and refracted waves^ and 
they are obviously those which touch all the small spherical 
waves at any instant. 

Thus, let mn be the front of 
2l plane wave, meeting the reflect- 
ing surface at m. Each portion 
of this wave, as it reaches the sur- 
face, becomes the centre of a di- 
verging spherical wave in the 

first medium, which will be propagated with the velocity of 
the original wave. Accordingly, when the portion n reaches 
the surface at A, the portion m will have diverged into the 
spherical wave, whose radius, mo^ is equal to nk. And, in like 
manner, if mV be drawn parallel to mn, the wave diverging 
from m' will in the same time have reached the spherical sur- 
face whose radius, m'o\ is equal to rik. The surface which 
touches all these spheres at any instant is that of the re- 
flected wave. But, as mo and m'o' are proportioned to mk 
and m'A, it is obvious that this tangent surface is plane ; and 
since mo - nA, and the angles at n and o are right, it follows 
that the angles nmk and ohm are equal, — or that the incident 
and reflected waves are equally inclined to the reflecting sur- 
face. 



(33) The proof of the law 
of refraction is in all respects 
analogous to the preceding. 
Let mn be the position of the 
incident plane wave at any mo- 
ment. In an interval of time 
proportional to nA, the por- 
tion n of this wave will have 
reached the surface at A, and the portions m and m' will have 
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become the centres of diverging spherical waves in the 
second medium, — ^the radii of these spheres, mo and mV, 
being to the intercepts, nk and n'ky in the constant rado 
of the velocities of propagation in the two media. The 
sur&ce which touches these spheres^ is that of the refracted, 
wave. It is obvious, as before, that it is plane ; and, since 
sin nmk : sin mko ::nk: mo, we learn that the sines of the 
angles which the incident and refracted waves make with 
the refracting surface are in the constant ratio of the veloci* 
ties of propagation. 

(34) Such is the demonstration of the laws of reflexion 
and refraction given by Huygens. The composition of the 
grand or primary wave, by the union of the several secon* 
dary or partial waves, in this demonstration, has been deno- 
minated the principle of Huygens ; and it is obviously a case 
of tiie more general principle of the co-existence of small mo- 
tions. It easily follows from this mode of composition, that 
the surface of the primary wave marks the extreme limits to 
which the vibratory movement is propagated in any given 
time ; so that light is propagated from any one point to another 
in the least possible time. This is the well-known law of 
Format, — the law of swiftest propagation ; and it will ap- 
pear from what has been stated, that it holds, whatever be 
the modifications which the course of the light may undergo 
by reflexion or refraction. 

This law may be thus enunciated : — ** The course pursued 
by any reflected or refracted ray is that which would be de- 
scribed in the least possible time, by a body moving from 
any point on the incident to any point on the reflected or 
re&acted ray." If / therefore denote the length of the path 
described by the incident light, between any assumed point 
and the point of incidence, r the corresponding length of the 
path described by the refracted light, and t; and v the velo- 
cities of propagation in the two media, the sum of the times, 
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- + -7, is a minimum ; or, multiplying by r, and denoting the 



ratio -; hj fly 



I + fit ^ minimum. 



The constant fiictor, /ti, is the refractive index of the medium. 
In the case of reflexion^ ft « 1$ and / + /' is a minimum. 
The course pursued by a reflected ray is therefore such, that 
the sum of the paths described between any two points and 
the reflectifig surface is the least possible. 

(35) The intenHty of the light, in the reflected and re- 
fracted waves, will depend on the relative densities of the ether 
in the two media. For we may compare the contiguous strata 
of ether in these media to two elastic bodies of different 
masses, one of which moves the other by impact ; and it is 
easy to deduce, on this principle, the intensities of the re* 
fleeted and refracted lights in the case of perpendicular in*- 
cidence* 

(36) On reviewing whftt has been said, we cannot but be 
struck by the remarkable fact, that theories so widely op<- 
posed as the theory of emission, and that of waves, should 
lead mathematically to the same result. According to both, 
we have seen, the ratio of the sines of incidence and refrac- 
tion is equal to the ratio of the velocities of light in the two 
media, and is therefore constant. But there is this important 
diflerence between them : in the wave-theory, the sines of 
these angles are in Xh^ direct ratio of the velocities, while, 
according to the theory of emission, they are in the inverse. 
In other words, the velocity of light in the denser medium 
is lees according to the former theory ; while, according to the 
latter, it is greater. Here, then, the two theories are directly 
at issue upon a point of fact^ and we have only to ascertain 
how this fact stands, in order to be able to decide between 



^^ 
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them. The important experiment by which this was first ac- 
complished was made by Arago ; and the result, as will be 
shown hereafter, is conclusive in favour of the wave-theory. 

(37) The conclusion deduced fi:om the experiment here re- 
ferred to presupposes the laws of Interference of Light — laws 
which, in themselves, are intimately connected with the prin- 
ciples of the wave-theory. It was desirable, therefore, to de- 
duce the same conclusion, if possible, by direct means. The 
experiment by which this is effected has been recently made 
by M. Fizeau, upon a method devised by Arago ; its principle 
will be understood from the following description. 

Let a ray of light, reflected by a heliostat, be admitted into 
a darkened chamber in a horizontal direction, and fall upon a 
mirror which revolves about a vertical axis situated in its own 
plane. It is manifest that, as the mirror revolves, the reflected 
ray wiU move, in the horizontal plane passing through the 
point of incidence, with an angular velocity double of that of 
the mirror itself. Now, in this plane let a second mirror be 
placed, perpendicular to the right line joining the centres of 
the two mirrors. Then, when the ray reflected by the re- 
volving mirror meets the fixed mirror, in the course of its 
angular movement, it will be turned back on its course, and, 
after a second reflexion by the revolving mirror, return to- 
wards the aperture. 

It is plain that if the revolving mirror were for a moment 
to rest in this position, the ray, after a second reflexion by it, 
would return precisely by the path by which it came. But, 
owing to the progressive movement of light, the mirror de- 
scribes a certain small angle round its axis, in the interval be- 
tween the two appulses of the ray ; and the ray, after the 
second reflexion, will deviate from its first position, by an angle 
which is double of that described by the mirror in the interval. 
Hence, if this angle can be observed, the velocity of light 
is known. 
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For, if ( be the time taken by the light to traverse the 
interval of the two mirrors, forwards and backwards, the 
angle described by the mirror in that time will be = tut, w de- 
noting the angle dcBcribed by the mirror in the unit of time. 
Hence, the angle described by the reflected ray in the time *, 
or the deviation, ■■ 2wt. Let diis angle be denoted by a, and 
there is 

But the corresponding space is double the distance between 
the two toirrors, or 2a. Consequently, the velodty of the 
light is 
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of the inddent ray must cause a variation in the amount of 
refraction, unless the velocity of the refracted ray be altered 
proportionally. Now the- relative velocity .of the light of a 
star is altered by the Earth's motion ; and the amount of the 
change is obviously the resolved part of the Earth's velocuty in 
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the direction of the star. It was, th^efbre, a matter of much 
interest to determine how, and in what degree, this changes 
affected the re&aotion. The experiment was undertaken by 
Arago, at the request of Laplace. An achromatic prism wa& 
attached in front of the object-glass of the telescope of a re* 
peating circle, so as to coyer only a portion of the lens. The 
star being then observed, directly through the uncovered part 
of the lens, and afterwards in the direction in which its light 
was deviated by the prism, the difference of the angles read 
off gave the deviation. The stars selected for observatiioii 
were those in the ecliptic^ which passed the meridian pearly 
at 6 A.M. and 6 p.m., the velocity of the Earth being added 
to that of the star in the former case, and subtracted from it 
in the latter. No difference whatever was observed in the 
deviations. 

This remarkable and unexpected result can be reconciled 
to the theory of emission, as Arago has observed, only by th^ 
hypothesis already adverted to,*^— namely, that the molecules 
are emitted from the luminous body with various velocities ; 
but that among these velocities there u but ope which is 
adapted to our organs of vision, and which produces the 
sensation of light. It is explained, in accordance with the prin-r 
ciples of the wave-theory, on the same hypotheses which hav^ 
been already made to explain the aberration of light ;t and it 
is shown, on these suppositions, that both the laws, and the 
amount of refraction, are independent of the ^Sarth's motion. 

• Art. (14). t Art. (19). 
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(39) We have hitherto supposed light to be simple or ho^ 
mogeneous. The light of the Sun, however, and most of the 
lights, natural or artificial, with which we are acquainted, are 
compound^ each ray consisting of an infinite number of rays 
differing in colour and refrangibility. This important disco* 
very we owe to Newton. We shall briefly describe the prin- 
cipal experiments by which it is established. 

(40) When a beam of solar light is admitted into a dark- 
ened room through a small circular aperture, and received on 
a screen at a distance, a circular image of the Sud will be de* 
picted there, whose diameter will conrespond to that of the hole. 
If now the light be intercepted by a prism, having its refracting 
edge horizontal and perpendicular to the incident beam, the 
image of the Sun will be thrown iipwards by the refiraction of the 
prism, and will be no longer white and circular, but coloured 
and oblong ; the sides which are perpendicular to the axis of 
the prism being rectilinear and parallel, and the extremities 
eemicircular. The breadth of this image, or spectrum (as it is 
called), is equal to the diameter of the unre&acted image of the 
Sun, but its length is much greater. 

Now if the solar beam consisted of rays having all the same 
refrangibility, the refracted image should be circular, and of the 
same dimensions as the unrefracted image, from which it should 
differ only in position. For the rays composing the beam, being 
parallel at their incidence on the prism, must (on this suppo- 
sition) be equally refiracted by it, and therefore continue paral- 
lel after refraction. This not being the case, we conclude 
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that the rays composing the incident beam are of different 
degrees of r tangibility^ the more refrangible rays going to 
form the upper part of the spectrum, and the less refrangible 
the lower ; and that the elongation of the solar image, and the 
variety of its colouring, arise from the separation of these rays 
in their refraction through the prism. 

It further appears that the rays, which differ in refran- 
gihility^ likewise differ in colour; the spectrum being red at its 
lowest or least refracted extremity, violet at its most refracted 
extremity, and yellow, green, and blue, in the intermediate 
spaces, these colours passing into one another by imperceptible 
gradations. Sir Isaac Newton distinguished the spectrum, or 
coloured image of the Sun, into seven principal colours, and 
measured the spaces occupied by each. These colours, ar- 
ranged in the order of their refrangibiUty, are red, orange, 
yellow, green, blue, indigo, violet ;* of which the yellow and 
orange are the most luminous, the red and green next in 
order, and the indigo and violet weakest. 

Any one of these rays may be separated from the rest by 
transmitting it through a small aperture in a screen which in- 
tercepts the remainder of the light. The ray thus separated 
may be examined apart from the rest, and will be found 
to undergo no dilatation, or change of colour, by any subse- 
quent refractions or reflexions. We are, therefore, warranted 
in concluding that the solar light is compound, and consists of 
an infinite number of simple rays, which are permanent in 
their own nature, but differ from one another both in their 
colour and rejrangibility, 

* The imperfection of Newton's classification of colours has been pointed 
out by Professor Forbes and others. The indigo ought not to have been dis- 
tinguished from the &/ue, the di£Perence to the eye being much less, in kind, 
than between any other two adjacent colours of the scale. We may, there- 
fore, better distribute the colours of the spectrum intostV, viz., redy orange^ 
yellow, green, blue, and violet, — of which the red, yellow, and blue, may be re- 
garded as primary colours, and the orange, green, and violet, as secondary. 
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(41) The following experiment may be considered as 
removing all doubt on this subject. Close behind the prism 
18 placed a board, perforated with a small aperture, through 
which the refracted light is permitted to pass. This light is 
then received on a second board, similarly perforated, at a 
considerable distance from the first ; so that a small portion 
of the light of the spectrum is suffered to pass through the 
aperture in the second board, the rest being intercepted. 
Close behind this aperture a second prism is fixed, having its 
axis parallel to that of the first. The first prism being then 
turned slowly round its axis, the light of the spectrum will 
move up and down on the second board, and the differently- 
coloured rays will be successively transmitted through the se- 
cond aperture, and be refracted by the prism behind it. If 
then the places of these twice-refracted rays on the screen be 
noted, the red will be found to be lowest, the violet highest, 
and the intermediate colours in the same order as they are in 
the spectrum. Here, on account of the unchanged position of 
the two apertures, all the rays are necessarily incident upon 
the second prism at the same angle ; and yet some of them are 
more refracted, and others less, in the same proportion as by 
the first prism. 

From the foregoing we conclude, then, that the peculiar 
colour and refrangibility belonging to each kind of homoge- 
neous light, are permanent* and original affections, and are not 

« 

generated by the changes which that light undergoes in refrac- 
tions or reflexions. 

(42) In the experiments hitherto described, the analysis 



* Professor Stokes has recently discoyered that the refrangibility of light 
does undergo alteration in certain cases, some bodies possessing the pro- 
perty of lowering the refrangibility of the incident light—that is, of emitting 
fays of a lower refrangibility, when excited by those of a higher. This pro- 
perty belongs to the solution of sulphate of quinine, and to certain coloured 
glasses. Professor Stokes has denominated \t fluorescence. 

D 
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of solar light, or its resolution into its simple components, is 
far from being complete, inasmuch as there is a considerable 
mixture of the different species of simple light in the spectrum. 
This will be evident, if we consider that, as the several pencils 
of homoffeneotislight suffer no dilatation by the prism, each will 
depict on the screen a circular image, equal in magnitude to the 
unrefracted image of the Sun at the same distance ; so that the 
spectrum consists of innumerable circles of homogeneous light, 
whose centres are disposed along the same right line, and whose 
common diameter is that of the Sun*s unrefracted image. 
Wherefore the number of such circles mixed together in the 
spectrum, is to the corresponding number in the unrefracted 
image of the Sun, as the interval between the centres of two 
contingent circles (or the breadth of the spectrum), to the in- 
terval between the centres of the extreme circles, which is the 
length of the rectilinear sides. The mixture in the spectrum, 
therefore, varies as the breadth of the spectrum divided by 
its length ; and if the breadth can be diminished, the length 
remaining the same, the mixture will be diminished in pro- 
portion. 

There are various ways of diminishing the breadth of the 
spectrum, or the diameter of the Sun's unrefracted image, 
amongst which that of Newton seems as convenient in prac- 
tice as any. The solar beam, admitted through a small chrcular 
aperture, is received upon a lens of long focus, at the distance 
of double its focal length from the aperture ; and at the same 
distance beyond the lens will be formed a distinct image of 
the hole, equal to it in magnitude. A prism being then placed 
immediately behind the lens, this image will be dilated in 
length, its breadth remaining unaltered, and thus a spectrum 
wilj be formed whose breadth is the diameter of the hole ; 
whereas, without this contrivance, the breadth would be equal 
to that diameter, together with a line which (at the distance 
of the screen from the hole) subtends an angle equal to the 
apparent diameter of the Sun. Thus, by diminishing the 
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diameter of the aperture, the breadth of the spectrum, and 
therefore the mixture, may be reduced at pleasure. 

If the diameter of the aperture be very small, the spectrum 
is reduced to a narrow line, and is unfit for examination. To 
remedy this, Newton employed a narrow rectangular aper« 
ture, whose length, parallel to the axis of the prism, may be 
as great as we please, while its breadth is very small. In this 
manner we obtain a spectrum as broad as we wish, and whose 
light is as simple as before. 

(43) In order to determine the laws of dispersion, it is 
necessary to find experimentally the indices of refraction of 
the several species of simple light, of which solar light is 
composed. 

Newton's method was to determine the refractive indices 
of the extreme red and violet rays directly by means of the 
formula of (28), and to deduce those of the other rays by a 
simple proportion. 

When the refracting prism was of crown-glass, the indices 

77 78 
of refraction of the extreme rays were found to be — , — , re- 
spectively. To determine the refractive indices of the in- 
termediate rays, it was necessary to measure the spaces which 
they occupied in the spectrum. For this purpose Newton 
delineated on paper the spectrum AHAa, and distinguished 
it by the cross lines Aa, 
B5, Cc, &c., drawn at 
the confines of the seve- 
nd colours ; so that the 
space ABba is that occupied by the red light, BCc6 that by 
the orange, CDdc the yellow, DEerf the green, EF/J? the blue, 
TG^the indigo, and GHA^ the violet. He then found that, 
if the whole length of the rectilinear side, AH, be taken as 
unit, the distances to the confines of the several colours, 
AB, AC, AD, &c., will be denoted by the numbers J, ^, 
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h h h i' Now the intervals AB, BC, CD, &c., occu- 
pied by the several colours in the spectrum, or the differences 
of the deviations which they subtend, are to one another 
as the corresponding variations of the index of refraction. 
K, therefore, the whole variation of ft, or 3^5, be divided as the 
line AH is in the points B, C, D, &c., the refractive indices 
of the rays at the confines of the several colours vnll be as 
follow: — 

77 77J TTJ 77J 77^ 77| 77| 78 
60' 60' 60' 60' 60' 60' 60* 60' 

77i 
The mean refractive index is -^, or 1*55; and it appears 

Oil 

from the preceding that it belongs to the rays at the con- 
fines of the green and blue. 

(44) The intensity of the light is very different in the dif- 
ferent parts of the spectrum. According to the experiments 
of Fraunhofer, the following numbers represent the intensi- 
ties of the light in each of the coloured spaces, the maximum 
intensity (which occurs at the confines of the yellow and 
orange) being represented by 1000; viz., red, 94; orange, 
640 ; green, 480 ; blue, 168 ; indigo, 31 ; violet, 6. 

(45) On a minute examination of the solar spectrum, when 
every care ha^ been taken in making the experiment, it is 
found that it is not, as Newton supposed, a continuous band 
of coloured light, whose intensity is greatest about the con- 
fines of the yellow and orange, and diminishes regularly to the 
two extremities ; but that, on the contrary, there are at cer- 
tain points abrupt deficiencies of light y total or partial, indicated 
by the existence of numerous dark lines or bands, crossing 
the spectrum in the direction of its breadth; while in the in- 
termediate spaces the intensity of the light does not increase 
or decrease continually, but varies irregularly, or according to 
some very complex law. Solar light, then, does not consist 



DISPERSION. 37 

(as has been hitherto supposed) of rays of every possible re- 
frangibility, within certain limits, for it is found that many 
rays corresponding to certain degrees of refrangibility are 
wanting in the spectrum. 

S6me of these lines are wholly black ; others dark, of va- 
rious degrees of illiunination. Again, some of them are well 
defined and single; others are clustered together, so as to 
present the appearance of dark bands. They are irregularly 
disposed throughout the length of the spectrum. They are 
not, however, the result of any accidental cause ; for, when 
solar light is used, and the refracting substance is the same, 
it is found that they preserve the same relative position^ both 
with respect to one another and to the colours of the spectrum. 
On the other hand, when the refracting substance is varied, 
their relative positions with respect to one another are altered : 
but their positions as referred to the colours of the spectrum, 
as also their relative breadth and intensity, remain un- 
changed. 

(46) If other kinds of light— as that of the fixed stars, 
flames, the electric spark — are examined in the same way, 
similar bands are discovered, but differing in each species of 
light in their position, &c. ; so that each species of flame, and 
the light of each fixed star, has its own system of bands, which 
remains unalterable under all circumstances, and which, there- 
fore, is a distinct physical characteristic of the species of light 
to which it belongs. Thus the light of the electric spark has 
bright bands, instead of dark ones. The flames of oil, hydro- 
9^9 and alcohol, have each a brilliant line between the red and 
the yellow. The red flames coloured by nitrate ofstrontian ex- 
hibit a brilliant blue line, which is detached from the rest of 
the spectrum ; and the salts of potash give rise to a remarkable 
red ray, beyond the limits of the ordinary red of the spec- 
trum, and separated from it by a dark interval. On the other 
Ijand, the spectrum of the flame of cyanogen exhibits great re- 



38 DISPERSION. 

gularity, as well in the distribution of the dark bands, as in 
the intensity of the intervening luminous spaces. 

These bands depend on the rigidity of the combustion. 
Thus sulphur, when burning slowly, exhibits blue and green 
bands in the spectrum ; in rapid combustion, its light is Yiearly 
homogeneous. 

(47) These^ed^ linesy as they are called, were first noticed 
by Wollaston, in the year 1802. They have since been much 
more fully examined by Fraunho&r, who distinguished 590 
in the solar spectrum, of which he has delineated 354. Of 
these he has selected seven principal ones, to serve as stan- 
dards of comparison, and has designated them by the letters 
B, C, D, E, F, G and H. Of these, B and C are single lines 
in the red portion of the spectrum, the former near to its ex- 
tremity ; D is a double line, at the confines of the orange 
and yellow ; E is a group of fine lines in the green ; F is a 
strongly marked black line in the blue ; G is a group of fine 
lines in the indigo ; and H is a similar group in the violet, 
clustered round one much stronger line. They are of the ut- 
most importance in optical investigations. On account of the 
accuracy of their delineation, their position may be observed 
with an accuracy equal to that of astronomical measurements, 
and the refractive indices of the rays, to which they correspond, 
thus determined with the utmost exactness. 

(48) The dispersion of a ray which passes nearly perpen- 
dicdarljr through a thin prism is easily e^ressed. 

If Si and Ss denote the deviations of the red and violet 
raySff /ui and fi^ the refractive indices of the prism fi)r those 
rays, and a its refracting angle, we have 

8i «^ (jUi - 1) a, Sa = (;i2 - I) a; 

whence 
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Accordingly the dispersion, in tiiis case, is equal to the angle 
of the prism multiplied by the difference of the refiactive 
indices. 

(49) The dispersive power of a substance is measured, — 
not by the absolute dispersion^ which varies in general with 
the angle of refraction, — ^but by the ratio which that quantity 

bears to the total deviation, or by -^-^ — ■\ But, in the case of 

Oi 

a ray which passes nearly perpendicularly through a thin 
prism, this ratio is constant; for, dividing the third of the 
equations of the preceding article by the first, 

8l /«1 - 1 

The dispersive power, therefore, is measured by the difference 
of the refractive indices of the red and violet rays, divided by 
the refractive index of the former minus unity. 

(50) Newton supposed that the dispersive powers of all 
substances were the same. He was led to this erroneous con- 
clusion, by observing that when a prism of glass was inclosed 
in a prism of water with a variable angle, their refracting an- 
gles being turned in opposite directions, the emergent ray was 
coloured when it was inclined to its original direction ; while, 
on the other hand, it was colourless whenever, by varying the 
angle of the water prism, the refractions of the two prisms 
were made to compensate each other, or the ray to emerge 
parallel to the incident ray. Hence he concluded that the dis- 
persion was always proportional to the total deviation ; and 
that refraction could never take place without a separation of 
the refracted ray into its coloured elements. 

When Newton's experiment with the two prisms was re- 
peated a long time after, by Dollond, he foimd that the re- 
sults were exactly the opposite to those stated by Newton ; — 
that, ia &ct, the emergent ray was coloured^ when the devia- 
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tion was nothing, or the ray parallel to its original direction ; 
and that, on the other hand, when the dispersions of the two 
prisms were made to correct each other by varying the angle, 
so that the ray emerged colourless^ their refractions were no 
longer equal, and the ray was viclined to its original direction. 
This important discovery led to the construction of the achro- 
matic telescope. 

(51) It is easy to determine the condition of achromatism, 
when a ray of light passes nearly perpendicularly through two 
prisms, whose refracting angles are small. 

The dispersions produced by the two prisms are (/u2-fii) a, 
and (ji2 - /ii') a', respectively (48) ; and, therefore, when the 
total dispersion is nothing, we must have 

(iU2 - /xi) a + (jUs - /xi ) a = U, or - = ; •,. 

The negative sign, in the second member, indicates that the 
angles of the two prisms must be turned in opposite ways. 

(52) In order to ascertain the relative dispersive powers 
of different substances, they must be separately compared with 
some standard substance, such, e.g.^ as water. For this 
purpose a vessel must be constructed, whose opposite sides, 
formed of parallel glass, are moveable on hinges, and may be 
inclined to one another at any angle. It is closed on the other 
two sides by metallic cheeks, to which the moveable sides are 
accurately fitted. The vessel being filled with water, it is 
evident that the transmitted ray will be refiracted in the same 
manner as by the inclosed water prism, the parallel plates of 
glass producing no change in the direction of the refracted 
ray. The substance whose dispersive power is sought being 
formed into a thin prism, a beam of light is to be transmitted 
nearly perpendicularly through the two prisms, with their re- 
fracting angles turned in opposite directions ; and the angle 
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of the water prism is to be varied, until the beam emerges 
colourless. The angle of the water prism being then measured, 
the ratio of the differences of the refractive indices (and thence 
that of the dispersive powers) will be given by the formula 
of the preceding article. 

(53) We now proceed to the physical explanation of the 
foregoing phenomena. 

To account for dispersion, the modern advocates of the 
theory of emission have been forced to assume that the mo- 
lecules of light are heterogeneotis^ and that the attractions 
exerted on them by bodies vary with their nature, being in 
this respect analogous to chemical ajBSnities. This suppo- 
sition, as Young has justly observed, is but veiling our in- 
ability to assign a mechanical cause for the phenomenon. 

According to the principles of the wave-theory, the colour 
of light is determined by the frequency of the ethereal vibra- 
tions, or by the length of the wave; — the longest waves pro- 
ducing the sensation of red^ and the shortest that of violet. 
Now observation proves that the refractive index (or the ratio 
of the velocities of propagation in the two media) is dif- 
ferent for the light of different colours. The velocity of propa- 
gation in a refracting medium, therefore, varies tvith the length 
of the wave. Here, then, we encounter a difficulty in this 
theory, which was long regarded as the most formidable ob- 
stacle to its reception. Analysis seemed to indicate that the 
velocity of wave-propagation depended solely on the elasticity 
of the medium as compared with its density, and should 
therefore be the same for light of all colours, as it is for sound 
of all notes; so that all rays should be equally refracted. It 
will be necessary to enter, in some detail, into the considera- 
tion of this difficulty. 

(54) The conclusion of analysis to which we have just ad- 
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verted, — ^namely, that the velocity of wave-propagation is con- 
stant in the same homogeneous medium, — ^is deduced on the 
particular supposition, that the sphere of action of the molecules 
of a vibrating medium is indefinitely small compared with the 
length of a wave. If this restriction be removed, we have no 
longer any ground for concluding that the waves of different 
lengths will be propagated with the same velocity ; and the 
conclusion hitherto acquiesced in must be regarded but as 
an approximate result. It was in this point of view that the 
question presented itself to M. Cauchy. Besuming the prob- 
lem of wave-propagation with the more general equations, he has 
proved that there exists, generally, a relation between the v^- 
locity ofpropagation (or the refractive index in vacuo) and the 
length of the wave ; and, therefore, that the rays of different 
colours will be differently refracted. 

(55) Let us make, for abridgment, 

, _ 27r 27r 

K — -^, S , 

A r 

in which A and t denote, as before, the wave-length and time 
of vibration. M. Cauchy has proved that k and s are con- 
nected by an equation of the form 

s^ = aji^ + aji^ + a^k* + &c., 

in which the coefficients ai, ^2, as, &c., vary with the medium. 
Now the velocity of wave-propagation is 

consequently, 

F2 = fli + aji^ + flsA* + &c. 

Accordingly, the velocity of propagation is ^Jimction of the 
wave-length^ and varies with the colour. 

(66) In a vacuum, and in media (such as atmospheoric air) 
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which do not disperse the light, the coefficients aa, ajj Ac., are 
insensible, and we have 

that is, the velocity of propagation is independent of the wave- 
length, and the same for light of all colours. 

In other media we may, as a first approximation, neglect 
the third and following terms of the series, and we have 



Hence, if Fi, Fa denote the velocities of propagation for two 
definite rays of the spectrum, and ki^ h^^ the corresponding 
values of i, 

Fi»-Fa« = aa(V-AaO. 

The truth of this formula has been verified by M. Cauchy, by 
introducing in it the values of the refractive indices and wave- 
lengths, as determined by Fraunhofer for the seven definite 
rays in certain media. 

(57) The general formula, above given, is unsuited to a 
oomparison with observation in its present form, inasmuch as 

the variable A ( = -r- ) is not independent of F. This diffi- 
culty is overcome by M. Cauchy by inverting the first series. 
The result is of the form 

A» = Ai8^ + A^ + A^s"^ + &c. 

M. Cauchy has shown that this series, as well as the former, 
is convergent, and that all the terms after the third may be 
neglected. Hence, since 

the velocity in vacuo being unity, we have 
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an equation expressing the refractive index in terms of the 
time of vibration, or of the wave-length in vacuo. 

(58) The constants in this formula, A^ A 2^ ^3, will be 
determined, when we know three values of /i, with the cor- 
responding values of 5, or of the wave-length in vacuo ; and 
the formula may be then applied to calculate the values of /x 
corresponding to any other values of *, which may be thus 
compared with the results of observation. The comparison 
has been made by Professor Powell, and by M. Cauchy him- ' 
self, by means of the observations of Fraunhofer on the refrac- 
tive indices of water and several kinds of glass, and the 
agreement of the calculated and observed results is within the 
limits of the errors of observation. 

But the truth of a formula, expressing the relation be- 
tween the refractive index and the wave-length in vacuoy can 
only be satisfactorily tested in the case of highly-dispersive 
media ; and for such media no observations of sufficient accu- 
racy hitherto existed. To supply this want. Professor Powell 
undertook the laborious task of determining the refractive in- 
dices corresponding to the seven definite rays of Fraunhofer, 
for a great number of media, including those of a highly dis- 
persive power, and of comparing them with the theory of 
M. Cauchy. The result of the comparison is, on the whole, 
satisfactory. 

(59) It is an interesting consequence of the preceding for- 
mula, pointed out by Professor Powell, that as s diminishes, 
or the wave-length in vacuo increases, the value of /u approxi- 
mates to 2^ fixed limits given by the equation 

which, therefore, defines the limit of the spectrum on the side 
of the less refrungible rays. This limiting index corresponds 
to a point not greatly below the red extremity of the visible 
spectrum. 
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CHAPTER IV, 



DOUBLE REFRACTION. 



(60) It has hitherto been assumed that, when a ray of 
light is incident upon the surface of a transparent medium, 
the intromitted portion pursues, in all cases, a single determi- 
nate direction. This is, however, very far from the fact. In 
many, — ^indeed in most cases, — the refracted ray is divided 
into two distinct pencils^ each of which pursues a separate 
course, determined by a distinct law. 

This property is called double refraction. It was first dis- 
covered by Erasmus Bartholinus, in the well-known mineral 
called Iceland spar. After a long series of observations, he 
found that one of the rays within the crystal followed the 
known law of refraction, while the other was bent according 
to a new and extraordinary law not hitherto noticed. An 
account of these experiments was published at Copenhagen, in 
the year 1669, under the title •* Experimenta Crystalli Islan- 
diet dis'diaclastici^ quibus mira et insolita refractio detegiturT 

A few years after the date of this publication, the sub- 
ject was taken up by Huygens. This distinguished philo- 
sopher had already unfolded the theory which supposes light 
to consist in the undulations of* an ethereal fluid ; and from 
that theory had derived, in the most lucid and elegant 
manner, the laws oi ordinary refraction (33). He was, there- 
fore, naturally anxious to examine whether the new properties 
of light, discovered by Bartholinus, could be reconciled to the 
same theory ; and, in his desire to assimilate the two classes 
of phenomena, he was happily led to assign the true law of 
extraordinary refraction. The important researches of Huy- 
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gens on this subject are contained in the fifth chapter of his 
" Traiti de la Lumiere" 

(61) The property of double refraction is possessed by all 
crystallized minerals, excepting those belonging to the tessular 
system^ i. e. those whose fundamental form is the cube. It 
belongs likewise to all animal and vegetable substances, in 
which there is a regular arrangement of parts ; and, in fine, 
to all bodies whatever, whose parts are in a state of unequal 
compression or dilatation. The separation of the two refracted 
pencils is in some cases considerable, and the course of each 
easily ascertained by observation ; but it is generally too mi- 
nute to be directly observed, and its existence is only proved 
by the appearance of certain phenomena, which are known to 
arise from the mutual action of two pencils. In Iceland spar, 
the substance in which the property was first discovered, the 
separation of the pencils is very striking : and, as this mineral 
is found in considerable masses, and in a state of great purity 
and transparency, it is well fitted for the exhibition of the 
phenomena. 

(62) Carbonate of lime, of which Iceland spar is a variety, 
crystallizes in more than 300 different forms, all of which may 
be reduced by cleavage to the rhombohedron^ which is accord- 
ingly the primitive form. The angles of the 

bounding parallelograms, CAB and ABD, in / \^ / \ j 

the rhombohedron of Iceland spar, are 101° / / n, / / 

5S and 78° S. Two of the solid angles, at \ J KJ 

A and O, are contained by three obtuse an- 
gles ; while the remaining four are bounded by one obtuse 
and two acute angles. The line AO, joining the summits of 
the obtuse solid angles, is called the axis of the rhombohedron, 
and is equally inclined to the three faces which meet there. 
The angles at which the faces themselves are mutually in- 
clined are 105° 5' and 74 5o. 
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(63) K^ transparent piece of this substance be laid upon 
a sheet of iivhite paper, on which a small black spot is marked 
with ink, we see two images of the spot instead of one, on 
looking through the crystal ; and if the eye be held perpen- 
dicularly above the surface, and the crystal turned round in 
its plane, one of these images will appear to describe a circle 
round the other, which is immoveable, the line connecting 
them being in the direction of the shorter diagonal of the 
rhombic face. We may vary this experiment, by substituting 
for the dark spot on the paper a luminous point on a dark 
ground, — as, for example, the light of the sky seen through a 
small aperture ; but the most direct mode of performing the 
experiment is to transmit a ray of the Sun's light through the 
crystal, and receive the emergent pencils on a screen. 

If now we examine the course of the two rays within the 
crystal, we shall find that, at a perpendicular incidence, the 
deviation of one of them is nothing; that, at any other inci- 
dence, the ray is bent towards the perpendicular, the sines 
of the angles of incidence and refraction being in the constant 
ratio of 1*654 to 1 ; and that these angles are always in the 
same plane. This ray, therefore, is refracted according to 
the known law, and is called the ordinary ray. On examin- 
ing the other ray, however, we find that, at a perpendicular 
incidence, the deviation, instead of vanishing, is 6^ 12'; that, 
at other incidences, the refracted ray does ru>t follow the law 
of the sines ; and that, moreover, the angles of incidence and 
refraction are in different platies. This ray, therefore, is re- 
firacted according to a new and different law, and is called the 
extraordinary ray. 

(64) In proceeding to the consideration of this law, we 
must observe, in the first place, that there is a certain direction 
in every double-refracting crystal, along which if a ray be 
transmitted, it is no longer divided. This line is called the 
optic axis, and all the phenomena of double refraction are 
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related to it. There are, properly speaking, an infinite num- 
ber of such lines within the crystal, all parallel to one another ; 
so that the optic axis is fixed, not in position, but in direction 
only. It has been already mentioned that the line connecting 
the obtuse solid angles of the rhombohedron of Iceland spar 
is the axis of the crystal. Now if we conceive a crystallized 
mass of this substance to be subdivided into its elementary 
molecules, which are of this form, the axis of each of these 
molecules will be an optic axis. The optic axis of the crystal- 
lized mass, therefore, is a direction in space parallel to the axes 
of the elementary molecules, or equally inclined to the three 
faces containing the obtuse solid angle. 

(65) All the phenomena of double refraction are symme- 
trical round this line. To see this, we have only to polish an 
artificial face on the crystal, perpendicular to the optic axis, 
and to mark the course of the refracted rays. We shall then 
observe, that when the ray is incident perpendicularly on this 
face, or in the direction of the axis, it undergoes no deviation 
by refraction, and the ordinary. and extraordinary rays coin- 
cide ; that for every other incidence the ray is divided, the 
refracted rays being both in the plane of incidence, and the 
deviation of the extraordinary ray being less than that of the 
ordinary. This deviation of the extraordinarj'^ ray (and there- 
fore the ratio of the sines) is the same fot all rays equally in- 
clined to the axis, whatever be the azimuth of the plane of 
incidence. But it is found, that the ratio of the sines of inci- 
dence and refraction of the extraordinary ray is not constant^ 
but diminishes as the inclination of the incident ray to the 
optic a^is increases ; being least of all when the ray is per- 
pendicular to the axis. This least value of the ratio is called 
the extraordinary index ; in Iceland spar it is 1*483. 

In the preceding cases, the plane of incidence contains 
the optic axis^ and the extraordinary ray continues in that 
plane. This is generally true under the same circumstances. 
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whatever be the refracting surface. To see it, we have only 
to look obliquely through a rhomb of Iceland spar at a point 
on a sheet of paper : the extraordinary image will be seen to 
revolve round the other, as the rhomb is turned, and will 
twice arrive in the plane of incidence, — ^namely, when that 
plane contains the optic axis. The same coincidence of the 
two planes occurs also when the plane of incidence is perpen^ 
dicular to the optic axis ; but in this case, the ratio of the sines 
of incidence and refraction of the extraordinary ray is constant^ 
so that this ray then satisfies both the laws of ordinary refirac- 
tion. This constant ratio is the extraordinary index already 
referred to ; it is best determined by means of a prism of 
the crystal, having its refracting edge parallel to the optic 
axis. 

(66) The directions of the two refracted rays are given by 
the following construction. 

Let AC be the incident ray, 
and CFthe section of the sur- 
fjuje of the crystal made by the 
plane of incidence. Let the 
incident ray be produced any- 
where to B, and let BF be 
drawn perpendicular to it, 
meeting the sur&ce in F. 
Let CD : CB : : sine of refiiwtion : sine of incidence of the 
ordinary ray; and from the centre C, and with the radius CD, 
let the sphere DOG be described. Let the spheroid of revo- 
lution GE be described with the same centre, its axis of revo- 
lution being in the direction of the optic axis of the crystal, and 
equal to the diameter of the sphere, while the other axis is 
greater in the ratio of the ordinary to the extraordinary index. 
Now, if through F a line be drawn perpendicular to the plane 
of the diagram, and through that line there be drawn tangent 
planes, FO and FE, to the sphere and spheroid, the lines CO 

V 
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and CE9 drawn from the centre to the points of contact, will 
be the directions of the ordinary and extraordinary rays. 
This elegant construction was given by Huygens. 

For this construction Newton substituted another, without 
stating the theoretical grounds on which he formed it, or even 
advancing a single experiment in its confirmation. In this 
unsatisfactory position the problem of double refraction was 
suffered to rest for nearly a century ; and it was not until the 
period of the revival of physical optics, in the hands of Young, 
that any new light was thrown upon the question. Young 
was led by the theory of waves to assume the truth of the law 
of Huygens ; and, at his instigation, WoUaston undertook the 
experimental examination, which recalled to it the attention 
of the scientific world, and ended in its universal admission. 
The French Institute soon after proposed the question of 
double refraction as the subject of their prize essay, and the 
successful memoir of Malus left no doubt remaining as to the 
accuracy of the Huygenian law. 

(67) We have seen that in Iceland spar the extraordinary 
index is less than the ordinary, and that consequently the 
extraordinary ray is refracted from the axis. This, how- 
ever, is not universally true of all double-refracting crystals. 
Biot discovered that there were many crystals in which the 
extraordinaryindexwas ^7'^a^er than the ordinary, and in which, 
therefore, the extraordinary ray is refracted towards the axis. 
Crystals of this kind he called attractive^ while those of the 
former were denominated repulsive. Among the attractive, 
or (as they are sometimes called) positive crystals, are quartz, 
iccy zircon; the repulsive or negative class is far more nume- 
rous, and includes, among others, Iceland spar, sapphire, ruby, 
emerald, beryl, and tourmaline. 

The Huygenian law applies to attractive as well as to re- 
pulsive crystals, it being observed, that in the former case the 
axis of revolution of the ellipsoid must be the greater axis of 



DOUBLE REFRACTION. 51 

the generating ellipse ; or, in other words, that the spheroid 
18 prolate instead of oblate. 

(68) It has been hitherto assumed that there is but one 
optic axis in every crystal, or one direction only along which 
a ray will pass without division. It was reserved for Sir 
David Brewster to discover that the greater number of crystals 
possessed two optic axes. Among the most remarkable of the 
crystals with two axes may be mentioned arragonitey micoy sul- 
phate of barytas y sulphate of limey topazy B,nd felspar. The 
angles range in magnitude through the entire quadrant ; and 
they accordingly afford a new and important criterion for the 
distinction of mineral substances. 

(69) It appears from the foregoing, that crystalline bodies 
may be divided into three classes, with respect to their action 
upon light, namely — 

I. Single^refracting crystals, 

II. Uniaaal crystalsy or those which have one axis of 
double refraction. 

III. Biaxal crystalsy or those which have two such 

axes. 

Sir David Brewster has established a connexion between 
these diversities of optical character and the varieties of crys- 
talline form. He has shown that all the crystals of the first 
class, i. e. all single-refracting crystals, belong to the tessular 
system of Mohs ; that all uniaxal crystals belong either to the 
rh&mhohedral or to the pyramidal system ; and that crystals of 
the l^ird class, ov biaxal crystals, belong to one or other of the 
prismatic systems. 

These important relations bear, in a very close and defi- 
nite manner, upon the proximate cause of double refraction. 
It has been just mentioned, that the only crystals which do 
not possess the property of double refraction are those belong- 
ing to the tessular system, i. e. those whose fundamental form 

E 2 
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is the cube. Now in this, and its derived forms, we can assign 
three lines at right angles to one another, round which the 
whole figure is symmetrical; and we may, therefore, reasonably 
conclude that the density and elasticity of the crystal is the 
same in each of these directions, and consequently the same 
throughout. Again, crystals with one axis of double refrac- 
tion belong either to the rhomhohedral^ or to the pyramidal aj^- 
tem, — systems whose fundamental forms are the rhombohedron 
and the straight pyramid. In each of these forms there is one 
axis of figure^ or one line round which the whole is symmetri- 
cal : and we may, therefore, assume that the density of the 
crystal is either greater or less in this direction than in others, 
while it is equal in all directions at right angles to it. The 
axis of form is, in this case, the axis of double refraction. 
Finally, in the oblique pyramid, which is the fundamental form 
of the prismatic systems, there is no one line, or axis of figure, 
round which the whole is symmetrical; and it is therefore 
probable that the density of the crystal is unequal in all the 
three directions. Such crystals are found to have two optic 
axes. 

It has been stated, that in uniaxal crystals the optic axis 
is also the axis of form. In biaxal crystals, it did not at first 
appear that the optic axes were in any manner related to the 
lines which bound the elementary crystal. Sir David Brew- 
ster, however, ascertained that if two lines be taken, one bi- 
secting the acute, and the other the obtuse angle contained 
by the optic axes, these (together with a third line at right 
angles to both) are closely connected with the primitive form. 

These relations between the optical properties of crystals 
and their external forms are so close and intimate, that any 
change (however produced) in one of them, is found to be 

• 

accompanied by a corresponding change in the othen Thus, 
if the form of a crystal be altered by mechanical compression, 
or change of temperature, its refracting properties undergo a 
corresponding change. 
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(70) It was long supposed that one of the refracted rays, 
in every crystal, followed the ordinary law of the sines, while 
the other was refracted according to the Huygenian law. But 
Fresnel has proved, both from theory and by experiment, that 
this is not the case, and that in biaxal crystals, both rays are 
refracted in an extraordinary manner, and according to a new 
law. It is, in fact, a consequence of his beautiful theory of 
double refraction, that th« form of the wave, which is propa- 
gated in the interior of such a crystal, is neither a sphere nor 
spheroid, as in uniaxal crystals, but a curved surface of the 
fourth order. This surface is composed of two sheets ; and if 
tangent planes be drawn to these, after the same manner as to 
the sphere and spheroid in the Huygenian law, the points of 
contact determine the directions of the two refracted rays. 
These more general laws of double refraction will be more 
fully considered hereafter. 

(71) We may now proceed to illustrate some of the more 
remarkable effects of double refraction. 

If a rhomboid of Iceland spar, or any other double-refract- 
ing crystal, be placed close to a small object, — as, for example, 
a black spot on a sheet of paper, — it will be observed that one 
of the images is sensibly nearer than the other ; and that the 
difference of their apparent distances changes with the thick- 
ness of the crystal, and with the obliquity of the ray. 

This effect is easily accounted for. It is a well-known 
principle of optics, that when an object is viewed through 
a denser medium bounded by parallel planes, — as, for example, 
a cube of glass, — the image is nearer to the surface than the 
object ; the difference of their distances being to the thickness 
of the medium, as the difference of the sines of incidence and 
refraction to the sine of incidence. This interval, through 
which the image is made to approach, increases therefore with 
the refractive power of the medium ; thus in water it is one^ 
fourth of the thickness, in gUss one-third, and so for oth^ 
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media. Now as double-refracting crystals have two refractive 
indices, of different magnitudes, there will be two images, at 
different distances from the surface. In Iceland spar, the 
ordinary index is greater than the extraordinary, and therefore 
the ordinary image is nearer than the other. The reverse is 
the case in positive crystals, such as quartz, in which the extra- 
ordinary index is the greater. 

• 

(72) The refractions being equal at the two parallel sur- 
faces of the rhomb, whether the refraction be ordinary or ex- 
traordinary, the two rays will emerge parallel to the incident 
ray, and therefore parallel to one another ; and the distance 
between them will be proportional to the thickness of the 
crystal. But if the surfaces be inclined, so as to form a prism, 
the deviation of the two rays will be different, and they will 
emerge inclined to one another ; consequently the separation 
will increase with the distance. 

Such a separation is of use in many experiments. In order 
to render the divergence of the emergent pencils greatest, the 
prism should be cut with its edge parallel to the optic axis ; 
so that the refraction may take place in a plane perpendicular 
to the axis. In this case the ordinary and extraordinary re- 
fractions differ by the greatest amount, and therefore the dif- 
ference of the deviations of the two pencils is greatest. A 
double-refracting prism, so cut, is usually achromatized by a 
prism of glass, with its refracting angle turned in the opposite 
way. 

A better arrangement has been suggested by Wollas- 
ton. Two prisms of the same substance, and of equal refract- 
ing angles, are cut in such a manner, that in one the refracting 
edge is parallel to the optic axis, and in the other perpendicu- 
lar to it. They are then united, with their refracting angles 
turned in opposite directions, so as to form a parallelopiped ; 
and the effect of this arrangement is to double the separation 
of the images produced by either singly. By this duplication 
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the weak double refraction of rock crystal is rendered very 
sensible. 

(73) An achromatic prism of this kind is employed in the 
double image micromeUr^ an ingenious and valuable instrument 
invented by E.ochon. It consists of a telescope, in which a 
prism, such as we have described, is introduced between the 
object-glass and its principal focus / and thus two images are 
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formed in the principal focus, whose interval is greater or less, 
according to the distance of the prism from that point. When 
the instrument is used, the prism is moved until the two images 
appear in contact, and its distance from the focus is then read 
on a graduated scale. The two angles in this case having 
the same subtense, the visual angle of the object is to the de- 
viation produced by the prism, as the distance of the prism 
from the focus is to the focal length. Now the divergence of 
the two rays is constant for a given prism, and may be deter- 
mined either by calculation or experiment ; consequently, the 
visual angle is deduced from the preceding proportion. By 
this instrument Arago has determined the apparent diameters 
of the planets with great precision. 

The same instrument has been also employed in war, to 
determine the distance of an inapproachable object. Thus, if 
it be required to ascertain the distance of the walls of a be- 
sieged town, in order to know whether they are within the 
range of shot, it is only necessary to measure by this instru- 
ment the angle subtended by a man, or any other object whose 
height is known approximately. The height of the object, 
divided by the tangent of the angle, is the distance required. 
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CHAPTER V. 



INTBRFERENCB OF LIGHT. 



(74) Having considered the mode of propagation of a 
luminous wave, and the modifications which it undergoes on 
encountering the surface of a new medium, we may now pro- 
ceed to inquire what will be the effect, when two series of 
waves are propagated simultaneously from two near luminous 
origins. 

It is obvious that when two waves — one preceding from 
each source — arrive at any instant at the same point of space, 
the particle of ether there will be thrown into vibration by 
both ; and we are to consider what will be the result of this 
compound vibration. Now, it is demonstrated by analysis, 
that when two small vibrations are communicated at the same 
time to a material point, each of them will subsist independently 
of the other; and the motion of the point will, in consequence, 
be the restdtantoiihQ motions due to each vibration considered 
separately. This principle is denominated the superposition 
of small motions. Its nature may be made clear by a simple 
instance. 

Let a pendulous body receive an impulse in any plane 
passing through the point of suspension: it will then, of 
course, vibrate in that plane. Now, at the lowest point of 
the arc of vibration, let a second impulse be given to the mov- 
ing body, in a direction perpendicular to the plane in which it 
already vibrates. This impulse, if communicated to the body 
at rest, would cause it to vibrate in a plane at right angles to 
the former, and through an arc depending on the magnitude 
of the impulse. Now it will be found, on trial, that the distance 
of the body from the vertical, measured in either of these 
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planes, is the same at any instant as if the other vibration did 
not exist ; so that each vibration subsists independently of the 
other, and the result will be a compound elliptical vibration. 
We have here supposed the coexisting vibrations to take 
place in separate planes, in order that their independence maj 
be more distinctly recognised. When the two vibrations are 
in the same plane", it is obvious that the resulting vibration 
will be also in that plane ; and that its amplitude will be the 
sum of the amplitudes of the component vibrations when their 
directions conspire, and their difference when they are opposed. 

(76) Let us transfer this to the case of Light: — Let us 
suppose that two sets of waves start at the same time from two 
near luminous origins (which, for simplicity, we shall assume 
to be of equal intensity), and that a distant particle of ether 
is thrown into vibration by both at the same time. Then, 
supposing that these two vibrations are performed in the same 
plane, it follows from what has been said, that, when their 
directions conspire, they will be added together, and the re- 
sulting space of vibration will be dvuble of either ; and that, 
on the contrary, they will counteract one another, and the re- 
sulting vibration will be reduced to nothing , when their direc- 
tions are opposed. 

It is evident, further, that the directions of the vibrations 
will conspire, and therefore the space of vibration be doubled, 
when the two waves arrive ^in the same phase ; and that, on 
the contrary, their directions will be opposed, and the result- 
ing vibration reduced to no- 
thing, when they arrive in 
opposite phases. Let the 
waving lines AB and A'B', 
or AB and A"B", represent 
the two undulations, the dis- 
tance of any particle from its 
state of rest being represented by the ordinate, or perpendicu- 
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lar, at the corresponding point of the horizontal or mean line. 
Then, if the andulation A'B' be superposed upon AB, the 
corresponding points of each being in the same phase^ it is 
evident that the distances by which the particle at any point 
is removed from its state of rest by each, mn and wiV, will be 
added together, and the space of vibration doubled. Whereas, 
if the undulations A"B" and AB, whose corresponding points 
are in opposite phases^ be superposed, the distances from the 
position of rest, mn and m' W, lie on opposite sides of the mean 
line, and when added together destroy one another. Thus the 
space of vibration is doubled, when the waves arrive at the same 
point in the same phase : it is annihilated, when they arrive 
in opposite phases. Now the intensity of the light is as the 
square of the amplitude of vibration ; the intensity, there- 
fore, is quadrupled in the former case, and destroyed in the 
latter. 

We have here taken, for the sake of illustration, two of 
the most important cases, — those, namely, in which the co- 
existing undulations are in complete accordance^ or complete 
discordance. When this is not the case, and the waves 
meet in some intermediate stage of the vibratory movement, 
the position of the maximum will be altered, as well as its 
magnitude ; and the rules for the composition of the coexist- 
ing vibrations bear a close analogy to the well-known rule 
for the composition offerees. 

(76) We learn, then, as a result of the wave-theory, that 
two lights may either augment each other's effects ; or they 
may partially, or even wholly, destroy one another, and thus, 
by their union, produce complete darkness. 

Before we proceed to examine more particularly this in- 
dication of theory, we may observe that it is altogether ana- 
logous to what is known to take place in other cases of vibra- 
tory motion. If two waves of water arrive at the same point 
at the same instant, in such a manner that the crest of one 
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wave coincides with that of the other, their effects will be added 
together, and the water at that point ¥rill be raised into a wave» 
whose height is the sum of the heights of the conspiring waves. 
If, on the other hand, the crest of one wave coincides with 
the sinus, or depression of the other, the height of the re- 
sultant wave will be the difference of the components ; and, 
when these are equal, the resultant wave will entirely 
disappear. 

We have a magnificent example of these effects in the 
well-known phenomena of the sprmg and neap tides ; the tidal 
wave in the former case being the sum of the waves caused 
by the action of the Sun and Moon, and in the latter, their 
difference. 

The peculiarity of the tides in the port of Batsha furnishes 
a still more striking instance of the principle of interference. 
The tidal wave reaches this port by two distinct channels, 
which are so unequal in length, that the time of arrival by one 
passage is exactly six hours longer than by the other. It fol- 
lows &om this that when the crest of the tidal wave, or the 
high water, reaches the port by one channel, it is met by the 
low water coming through the other ; and when these oppo- 
site effects are also equal, they completely neutralize each 
other. At particular seasons, therefore, when the morning 
and evening tides are equal, there is no tide whatever in the 
port of Batsha ; while at other seasons there is but one tide in 
the day, whose height is the difference of the heights of the 
ordinary morning and evening tides. 

Analogous phenomena take place in sound, and produce 
the coincidences or beats in music. These effects occur when 
the condensed part of the aerial pulse, arising from one origin 
of sound, coincides with the rarified part of that proceeding 
from the other. They are often heard during the playing of 
a large organ, and give rise to the swelling and falling sounds 
which are heard, especially among the lower notes of the in- 
strument. 
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(77) The interference of the aerial pulses maj be exhibited 
to the eje. Let a compound tube be taken, consisting of two 
equal and similar branches terminating in a common trunk. 
It is evident, then, that if the air be thrown into the same 
state of vibration at the extremities of the two branches, — the 

'particles going and returning simultaneously in both, — a 
double vibration will be propagated to the extremity of the 
main trunk, and may be rendered sensible by the agitation of 
the particles of sand on a stretched membrane. If, on the 
other hand, the air be in opposite states of vibration at the ex- 
tremities of the branches, these will neutralize one another in 
the trunk, and the membrane, and the sand, will be quiescent. 
The conditions here described are attained, by bringing the 
ends of the branches over the parts of a vibrating plate which 
are in similar, or in opposite states of vibration. When the 
length of the tube is such that it is in unison with the vibrat- 
ing plate, it will utter a distinct sound in the one case, while 
in the other it will be silent. 

The alternate augmentation and intermission of sound ob- 
served by Young, when a tuning-fork is turned round its 
axis at a short distance from the ear, are easily referred to the 
same principles. 

(78) That two lights^ then, should produce darkness^ is a 
result of the same kind as that two sounds should cause silence^ 
or that two waves should make a dead level. But we are not 
left to analogy alone for the proof of this remarkable conse- 
quence of the wave-theory of light. The phenomenon itself 
has been established by the most direct and convincing ex- 
periments; and we shall soon see that it is observed in a 
multitude of cases where its existence was at first little sus- 
pected. 

This important law — now known under the name of the 
interference of light — was for the first time distinctly stated 
and established by Young, although some facts connected 
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with it were known to Grimaldi. The latter writer had 
even explicitly asserted that " an illuminated body may be 
rendered darker by the addition ofliglit^^ and adduced a sim- 
ple experiment in proof of it. Grimaldi's experiment was as 
follows. Let the Sun's light be admitted into a darkened 
chamber through two small and equal apertures of a circular 
form. Two diverging cones of light will be thus produced ; 
and each of these cones will be surrounded by a penumbra in 
which the illumination is only partial. Now let these two 
beams be received on a screen at some distance, where the pen- 
umbras of the two cones overlap. It will be then observed, 
that although the greater part of this doubly illuminated space 
is brighter than the penumbra of one cone alone, yet the boun- 
daries of the overlapping portions are much darker than the 
other parts of the penumbras which do not overlap ; and if one 
of the beams be intercepted by an obstacle, this dark part 
will recover the brightness of the rest. Thus darkness may 
be produced by adding light; and, on the other hand, by 
withdrawing a portion of the light we may augment the 
illumination. 

(79) This interesting experiment assumed a more distinct 
and decisive character in the hands of Young. If the two 
apertures be reduced to a very small size, and brought close to- 
gether, and if the original light be homogeneous, we shall ob- 
serve a series of alternate bright and dark bands, formed at 
those points where the waves proceeding from the two origins 
conspire, or are opposed. That these alternations of light and 
darkness are caused by the mutual action of the two beams, 
is proved by the fact, that if one of the beams be intercepted, 
the whole system of bands will disappear, and the light which 
remains become of uniform intensity. By withdrawing one of 
the lights, then, the dark intervals recover their brightness ; so 
that darkness, in this case, must have been produced by the 
action of one light on the other. 
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(80) We shall best understand the circumstances of this 
phenomenon, by considering what takes place in another more 
familiar case of interference. If two stones be flung at the 
same instant into a pool of stagnant water, a series of circular 
waves will be propagated from each of the two centres of dis- 
turbance ; and where these two sets of waves cross^ they will 
produce effects similar to those wehavebeendescvibinginthe 
case of light. Where the crest of one wave falls upon the crest 
of another, they will be added together, and form a higher 
crest, or ridge^ on the surface. And, on the contrary, where 
the crest of one wave meets the hollow, or sinus^ of another, 
they will counteract one another's effects, and the water will 
stand at that point at its original level, as if undisturbed. 

It is obvious that there will be several sets of consecutive 
points of each class, or several lines of double disturbance and 
no disturbance. One line of double disturbance, AA, will be 
produced by the meeting of waves 
equidistant Jrom the two centres; 
— as the first of one with the first 
of the other, the second of one 
with the second of the other, &c. 
This line is necessarily straight. 
On either side of this there will 
be a line, BB, B'B', consisting of 
those points where the first wave 
from one origin encounters the second from the other, the 
second from one the third from the other, — of all those points, 
in short, whose distances from the two centres differ by the 
length of a single wave. The next pair of lines, CC, C'C, con- 
sist of those points whose distances from the two centres differ 
by the length of two waves ; and so on. All these lines are 
hyperbolas^ and on all of them the disturbance is doubled, and 
an elevated ridge raised on the surface. But there are like- 
wise intermediate lines, composed of those points whose dis- 
tances from the two centres differ by half a wavCj by a loave 
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and half, by two waves and half, &c. On all these lines, the 
crest of the wave from one origin meets the sinus of a wave 
from the other ; and these, therefore, are the lines of no dis- 
turbance. They are evidently hyperbolas like the former. 

All that has been now said applies strictly to the phe- 
nomena of light, in the aspect under which they are pre- 
sented by the wave-theory. In«the same medium the waves of 
any given length are propagated with a constant velocity. 
When therefore two series of waves of equal length diverge 
at the same time from two centres, they will arrive at the 
same point in the same phase, provided that the lengths of 
the paths tra^rsed are equal, or differ by any whole number 
of undulations. They meet in opposite pJiases, on the other 
hand, when the lengths of their paths differ by half a wave, 
or by any odd multiple of half a wave. The central bright 
band, then, is formed at those points where the distances tra- 
versed are equal. The next bright band on either side is pro- 
duced where the distances traversed differ by the length of one 
entire wave; the succeeding pair where the distances differ 
by two whole waves ; and so on. In the same manner, the 
first dark band is produced on either side of the central bright 
one, and at points for which the distances traversed differ by 
the length of half a wave ; the second pair of dark bands 
where these distances differ by one wave and half; and so on._ 

(81) In Young's experiment, if the light diverging from 
the two apertures O and C, 

be received on a screen, AD, ^^^^...^..^^^^^^ ^ 

it is found that the central ^..^,,^::=::^=^^^^^^^-^^^^'^^^^^ ^ 

bright band is formed at the T^^^^^"^^--^===^^^^IIl] * 

point A, where the screen is 
intersected by the line PA, 

which bisects the line 00' and is perpendicular to it. The 
central band, therefore, is formed where the paths traversed by 
the two pencils are equal. There will be a dark band on either 
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side of the central bright one, and, beyond these, a pair of 
bright bands. If we measure the distances of one of these 
from the two apertm^es, we shall find that their difference, 
BO'- BO, is a constant quantity, whatever be the position of 
the screen ; this difference is the lenffth of a wave. Beyond 
these is a second pair of bright bands, the difference of whose 
distances from the two centres, CO' - CO, is double of the 
preceding, or equal to two whole waves ; and in like manner, 
the difference of the lengths of the paths, at the place of each 
succeeding bright band, is found to be some exact multiple of 
the first difference, or of the length of a wave. 

Performing the same measurements for thf intermediate 
dark bands, we find that the difference in the lengths of the 
paths, where the first pair is formed, is half the difference, 
BO' - BO, or half the length of a wave. The differences of the 
paths, at the place of each succeeding pair of dark bands, are 
found in like manner to be intermediate to the corresponding 
differences for the bright bands on either side, or to be odd 
multiples of half a wave. 

The difference of the distances from the two apertures 
being constant for the successive points of the same band, it 
follows that these points must form an hyperbola, whose foci 
coincide with the two apertures. It will be easily seen that 
the curvature of these hyperbolic lines is very small, except 
close to their vertices ; and that we may, without sensible 
error, consider them as coincident with their asymptots. 

It is easy to determine the positions of the bands, as de- 
pendent on the interval of the apertures, and on the distance 
of the screen. 

The place of any bright or 
dark band, m, is determined 
by the condition that the dif- 
ference of its distances from ^ 
the two apertures, wiC - wiO, 
is an integer multiple of the length of half a wave. Now, 
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drawing the lines Oi, OV, parallel to PA, and denoting the 
distance AP by 6, the interval of the apertures OCX by c, and 
the distance Am by a?, the right-angled triangles Omn, O'lww , 
give 

the distance b being very great in comparison with x and c. 
Hence 

(^-0111 = - 2& == T- 

But this difference is equal to n -, A being the length of a 
wave ; we have, therefore, 

7lh\ 



X = 



2c ' 



in which the even values of w correspond to the places of the 
bright bands, and the odd values to those of the dark ones. 

The preceding formula enables us to compute the length 
of a wave of light, when the distances i, c, and x have been 
determined by accurate measurement. It has been found in 
this manner that the length of a wave is '0000266 of an inch 
for the extreme red rays; '0000167 for the extreme violet ; 
and '0000203, or about the jj^iiSTS ^^ ^^ inch, for the mean 
rays of the spectrum. 

(82) But though the principle of Interference seemed to 
be established by the experiments and reasonings of l^ung, 
it was not freed from all question. It might be supposed 
that the light passing by the edges of the apertures, in the 
experiment last described, imderwent modifications of some 
kind or other which produced the observed effects. It was, 
therefore, of importance to show that these effects were 



66 INTBRFBRBMCB OF LIGHT. 

wholly independent of apertures or edges; and that any tivo 
rays proceeding from the same luminous origin, and meeting 
under a small obliquity, will interfere in the manner already 
described, whatever be the attending circumstances. This 
has been done by Fresnel ; and the experiment, which he de^ 
vised for the purpose, has been justly ranked among the 
most important and instructive in the whole range of Physical 
Optics. 

Two plane mirrors are placed so as to meet at a very ob- 
tuse angle. A beam of light diverging from the focus of a 
lens is suffered to fall upon them; and there will be there- 
fore two reflected beams, whose directions a];p inclined at 
a very small angle. Here, then, are two beams diverging 
from the same luminous origin, separated simply by reflexion 
at plane surfaces, without the intervention of edges, or of 
anything accidental which can be regarded as contributing to 
the result. These beams, however, still interfere, and pro- 
duce a succession of alternate bright and dark bands, in the 
manner already explained. In order to satisfy ourselves that 
these bands are in fact produced by the mutual action of 
the two beams, we have only to intercept one of them, by 
covering one of the mirrors, and the whole system instantly 
vanishes. 

Let Qn and Qi»' 
represent the sec- 
tions of the two mir- 
rors, which we shall 
suppose to be per- 
pendicular to the 
plan% of the dia- 
gram ; and let A be the luminous origin, or the focus of the 
lens in which the Sun's rays are concentered. Then taking 
the points O and O at equal distances on opposite sides of the 
mirrors, these points will be the foci of the two reflected pen- 
cils, or the points of divergence of the two beams. Now it 
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18 fimnd, in the first place, tliat the bands are parallel to the 
line of intersection of the two mirrors; secondly, that they 
are symmetrically placed on ^ther side of a plane passing 
through this intersection, and through the point P, which 
bisects the interval between the two foci O and CX; and 
thirdly, that in proceeding fix>m the mirrors, Ihey are propa- 
gated in hyperbolas, whose foci are O and CX, and whose com- 
mon centre is P. 

(83) These results are in exact accordance with theory. 
In fsct, since On = ni, and (Xn » n% the difference of the 
paths traversed by the reflected rays, knm and in'fn, when they 
meet at m, is the same as if they had reached that point di- 
verging directly firom the points O and (X. All, then, that 
has been said respecting the interference of the pencils di- 
verging £rom two near luminous origins, will apply to this 
case. Since kQ ^ OQ » O'Q, the line QP, which bisects the 
line 0(y, is also perpendicolar to it, and any point of it, as 
A^ is equidistant from O and (J. The bands, therefore, are 
synmietrically situated with respect to this line ; and the dis- 
tance. Am, of the band of any order from the central band, is 
,, nXAP 

«q™i to -Q^' 

This distance is easily expressed in terms of given quan- 
tities. Eor PQ = OQ X cos OQP = ifcQ x cos OQP ; and 
OO = 20P = 2ifeQ X sin OQP. But since the angles itQO, 
AQO', are bisected by the Unes Qn and Qn , it is easy to see 
that the angle OQP (or the half of the angle OQO) is equal to 
the inclination of the mirrors. If then this inclination be de- 
noted by €, and the distances AQ and Q A by a and &, we ]|ave 

OO' s 2a sin £, AP = a cos € + 6 = a + ft ; q.p. ; 

and therefore the distance of the band of the ffi^ order from 
the centre is expressed by the formula 

(a + 6) nA 
2a sin €*i« 
f2 
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(84) The phenomenon of interference is displayed in a 
striking manner by the mutual action of direct and reflected 
light ; and the experiment in this form is more manageable 
than that of Fresnel. We have only to take a piece of plate 
glass, or a metallic reflector, and to place it in such a posi- 
tion that the rays diverging from the luminous origin shall be 
reflected at an angle of nearly 90°. A screen placed on the 
other side of the mirror will receive both the direct and re- 
flected pencils ; and as they meet under a small angle, and 
have traversed paths difiering by a small amount, they are in 
a condition to interfere. It will be readily seen that the sys- 
tem of bands, formed in this manner, is but half of that pro- 
duced in Fresnel's experiment. 

(85) There is yet another mode of studying the funda- 
mental phenomenon of interference, which is in some respects 
more convenient than any of the former. It is obvious that 
the original beam may be separated by refraction^ as well as 
reflexion ; and if the inclination of the two refracted pencils 
be small, similar results will take place. For this purpose it 
is only necessary to procure a prism with a very obtuse angle, 
and to allow the beam of light to fall perpendicularly on the 
opposite face. It is evident that this beam will be differ- 
ently refracted, at emergence, by the two faces which con- 
tain the obtuse angle ; and that it will be thus divided into 
two beams, which will be slightly inclined. These beams then 
proceed from one common origin, and meet under a small 
obliquity, and therefore fulfil all the conditions necessary for 
their interference. It is found, accordingly, that a series of 
alternate bright and dark bands is formed parallel to the edge 
of the prism. 

(86) It will be evident, from what has been said, that the 
central fringe produced by the interference of two pencils is 
the locus of those points at which they arrive in the same time ; 
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and, acoordinglj, when neither of the penols has experienced 
any intermption in its progress, the points of that fiinge will 
be eqnallj distant firom the two luminous <nigins. The case 
is altered, howeTcr, if we interpose a thin plate of a denser 
medium in the path of <Hie of the interfering rajs. If the 
light is retarded in the denser medium, it is obTious that the 
points reached in the same time will no longer be equally dis- 
tant from the two centres, but will be nearer to that whose 
light has undergone the retardation. The reverse will be the 
case if the li^t is accelerated in the interposed plate ; so that 
the central fringe, and the whole system, will be shifted to- 
voards the ade of the interposed plate in the former case, and 
from it in the latter. Here then we have a complete eaperi- 
mentum cruds^ by which to decide between the theory of 
enusrion and that of waves ; and its result, as we have already 
stated, is condudve in frvour of the wave-theory. 

The amount of the displacement of the fringes, in this 
important experiment, depends on the thiclmesa of the in- 
terposed plate, and on its refractive index ; so that any one 
of these quantities will be determined when the other two are 
known. Aoooidingly , by observing the displacement of the 
fringes produced by a plate of known thickness, the refractive 
index of the plate is found. Arago and Fresnel have em- 
ployed this method to determine the refractive powers of the 
gases. The method is susceptible of very great precision. By 
observing the podtion of the fringes formed by two rays, one 
of which has passed through air, and the other through a va- 
cnum, Arago has shown that the minutest changes in the 
refractive power of the air may be observed — such, for exam- 
ple, as would arise from a variation of temperature amount- 
ing to ^th of a d^ree centigrade. By the same method it 
was ascertained that dry air was more refractive than air satu- 
rated with moisture, the difference amounting, very nearly, to 
the millionth of the refractive index. 
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In connexion with these results, Arago has'shown^ that 
the scintillation of the stars b a phenomenon of interference, 
due to changes in the refractive powers of portions of the 
atmosphere, through which different portions of^ light reach 
the eye. 

(87) The principle of interference ftumishes the complete 
answer to the difficulty suggested by Newton, and shows in 
what manner the rectilinear propagation of light is reconciled 
to the wave-theory. It had been objected, that if light con- 
sisted in the undulations of an elastic fluid, it should diverge 
in every direction from each new centre, and so bend round 
interposed obstacles, and obliterate all shadow. To this we 
reply, that light does diverge in every direction from each new 
centre, — that it does bend round interposed obstacles ; but that 
shadows notwithstanding exists because the several portions of 
this laterally-diverging light destroy one another by interfer- 
ence, and no effect is produced, except by those parts of the 
wave which are in the right line joining the luminous origin 
and the eye* 

To see this, let aiccf represent a portion of a spherical wave; 
and let O be the place 
of the eye, and Oa the 
line drawn from it to 
the luminous centre. 
Commencingfrom the 
point a, let portions 
ab^ bCy cdf &c., be 
taken, such that the 
differences of the dis- 
tances of their extremities from the point O shall be the same 
for all, and equal to half a wave. Now we may suppose all 
these portions of the grand wave to be so many centres of 
disturbance ; and it is obvious that the secondary waves, sent 
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by each pair of consecutive portions to the eye, are in com- 
plete discordance, and should wholly destroy one another if 
their intensities were equal. It is easy to see that this is the 
case with respect to portions, as^, ghj which are remote from 
the point a. For the magnitudes of the waves sent by the 
-several portions to any point depend — first, on the magni- 
tudes of these portions themselves, and secondly, on the angles 
which the line drawn from them to that point makes with 
the front of the wave. As respects the former, it is evident 
that ab is greater than &c, be than cJ, and so on ; but these 
differences continually diminish, and the magnitudes of the 
consecutive portions approach indefinitely to equality, as they 
recede from the point a. The same is true of the obliquities. 
Hence, the portions of the wave, fffj ghy remote from the 
point a, destroy one another's effects, and the effect on the 
eye, or on a screen at O, will be entirely due to those parts of 
the grand wave which are in the neighbourhood of the line 
connecting that point with the luminous origin. 

Of these parts ab produces the greatest effect being 
both the largest and the least oblique. The effect of the 
neighbouring portions is, however, very sensible, and we 
shall have occasion hereafter to study some important pheno- 
mena to which they give rise. In the meantime, one remark- 
able consequence of this explanation is obvious^ — ^namely, that 
if the alternate portions 6c, de^ &c., whose effects are negative^ 
be stopped, the total effect will be augmentedy and the re* 
suiting light increased by intercepting a portion of the wave. 
We shall see hereafter that this startling conclusion is con- 
firmed by experiment. 
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DIFFRACTION. 



(88) It has been shown to be a result of the wave-theory, 
that the intensity of the light which encounters an obstacle 
must diminish rapidly within the edge of the geometric shadow. 
It now remains to consider the other phenomena which arise 
imder these circumstances; and it will be found that the 
same theory affords the most complete account, not only of 
their general characters, but even of their most minute details. 

In order to understand the theory of shadows^ it is neces- 
sary to investigate their laws in the simple case in which 
the magnitude of the luminous body is reduced to a point. 
The effects thus presented were first observed, and in some 
degree explained, by Grimaldi; and they have been since 
studied, as a separate branch of Optical Science, under the 
title of diffraction or inflexion, 

Grimaldi found, that when a small opaque body was 
placed in the cone of light, admitted int^ a dark chamber 
through a very small aperture, its shadow was much larger 
than its geometric projection; so that the light suffered 
some deviation from the rectilinear course in passing by the 
edge. On observing these shadows more attentively, he 
found that they were bordered with three iris-coloured 
fringes, which decreased in breadth and intensity in the 
order of their distances from the shadow, and which preserved 
the same distance from the edge throughout its entire extent, 
imless where the body terminated in a sharp angle. Similar 
fringes were observed, under favourable circumstances, within 
the shadows of narrow bodies. 
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The phenomena of diffraction were subsequently examined 
by Hooke and by Newton ; and, lastly, in the hands of Young 
and Fresnel, they have been forced to furnish evidence in 
favour of the wave-theory, which few who impartially ex- 
amine it can continue to withstand. We shall first describe 
the most important of these phenomena, and afterwards ex- 
amine them in their bearing upon the two theories. 

(89) The most obvious of these phenomena are the modi- 
fications which light undergoes in passing by the edge of an 
obstacle of any kind. 

Let a beam of homogeneous light, entering a dark cham- 
ber, fall on a lens of short focal length, MN, by which it is 




brought to a focus at O, and thence diverges. Let an ob- 
stacle, PP', be placed in the diverging beam, and let the sha- 
dow which it casts be received upon a sheet of white paper at 
Q, or on a piece of roughened glass. We shall then observe 
the following phenomena : 

I. The line OPQ, which is the boundary oi \he geometric 
shadowy is not the actual boundary of light and shade. 

II. The space below this line, QS, is not absolutely dark, 
but is enlightened by a faint light, which extends to a sensible 
distance within the geometric shadow, and gradually fades 
away as it recedes from the edge of this shadow at Q. 

III. On the other side of the boundary of the geometric 
shadow, at QR, the paper is not uniformly illuminated by the 
diverging beam, but is observed to be covered with a series 
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of alternate bright and dark bands, which are parallel to the 
edge of the shadow. The distances of these fringes inter se^ 
and from the edge of the shadow, vary with the position of 
the screen, and diminish indefinitely as the screen is brought 
near the obstacle. These fringes succeed one another for 
many alternations, becoming, however, less marked as the 
distance from the edge of the geometric shadow increases, 
until at length they are wholly obliterated and lost. They 
preserve the same distances from the shadow in all parts, 
except only where the edge of the body forms a sharp 
angle.* 

IV. The dimensions of the fringes vary with the colour 
of the light ; being broadest in red light, narrowest in violei 
light, and of intermediate magnitude in the light of mean re- 
firangibility. Hence, when white or compound light is em- 
ployed, the fringes of different colours will not be accurately 
superposed ; and there will be formed a succession of iris-co^ 
loured fringes, the colours following the order which they have 
in the spectrum. 

(90) If we follow the course of the fringes from their 
origin, we shall observe that they are propagated in lines sen- 
sibly curved, whose concave side is turned towards the sha- 
dow. In order to obtain accurate measures of the distances 
of the fringes from the edge of the shadow, at different dis- 
tances from the obstacle, Fresnel viewed them directly with 
an eye-piece, furnished with a micrometer. He thus ascer- 
tained that the curved path of each fringe was an hyperbola^ 
whose summit coincided with the edge of the obstacle, and 
whose centre was the middle point of the line connecting that 
edge vrith the luminous origin. 

* If this angle be aalietUf the fringes, instead of forming a similar angle, 
are observed to curye round the shadow. When the angle is rc'entrantf they 
cross, and enter on the shadow at each side, without interfering with one 
another. 
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K we consider these hyperbolas as coincident with their 
asjmptots (which may be done without sensible error, unless 
near the edge of the obstacle), and if we then determine the 
angles which they make with one another, and with the edge 
of the geometric shadow, we shall find that these angles in- 
crease rapidly as the distance of the obstacle from the lumi- 
nous point diminishes. When this distance is about 40 inches, 
the fringes are very close together, the fringes of the first 
and second order making an angle with one another of less 
than 7! in red light. At the distance of 4 inches this angle is 
increased to more than 6' ; and at -^^ of an inch it exceeds 
16'. Thus the fringes dilate, as the edge of the obstacle ap- 
proaches the luminous origin. 

(91) In this experiment the incident Ught is supposed to 
diverge from a luminous point. If the dimensions of the 
luminous origin had been considerable, it will be easily 
understood that each line in it, parallel to the edge of the 
obstacle, would give rise to a difierent system of fringes ; and, 
as the dark bands of some of these systems must coincide with 
the bright bands of others, every trace of the phenomenon 
would be obliterated. 

(92) The preceding experiments exhibit the effect of a 
single edge. When the light diverging from the luminous 
point is suffered to pass by two near edgesy the phenomena will 
be varied in a very interesting manner. 

Let 9k fine mre be placed in the pencil of light diverging 
from a luminous point, and let its shadow be received on a 
screen, or plate of roughened glass, as before. We then ob- 
serve, outside the geometric shadow, a set of parallel bands, 
or fringes, analogous to those produced by the single edge 
in the former experiment. These are the exterior fringes. 
But we observe ftirther that the whole space of the geometric 
shadow itself is also occupied by parallel stripes, alternately 
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bright and dark. These are the interior fringes ; and they 
are in general closer, and more finely marked than the ex- 
terior. When the breadth of the obstacle is considerable, 
the interior fringes disappear, and the phenomena fall under 
the class already examined. 

The interior fringes are propagated, like the exterior, in 
hyperbolic curves ; but their curvature is less considerable, 
and the deviation from a right-lined course is scarcely per- 
ceptible within the limits at which they are commonly ob- 
served. They are also, like the exterior fringes, broader in 
red than in violet light, and of intermediate breadths in the 
light of intermediate refrangibility. Accordingly, in com- 
pound or white light, the fringes of different dimensions are 
superposed ; and the bands are no longer alternately bright 
and black, but coloured with different tints, in the order of 
the colours of the spectrum. 

(93) It still remains to examine the effects produced by 
two edges turned inwards^ so as to form an aperture of any 
dimensions. 

For this piupose Fresnel employed an instrument consist- 
ing of two metallic plates, one of which is fixed in the fi*ame of 
the apparatus, while the other is moveable by means of a fine 
screw. The edges of these plates are right-lined and parallel, 
so that they form always a rectangular aperture; and, by means 
of the adjusting screw, the magnitude of this aperture may be 
varied at pleasure. 

When a narrow rectangular aperture, thus formed, is sub- 
stituted for the wire in the last experiment, the resulting phe- 
nomena are very remarkable. In the first place, the luminous 
beam diverges considerably after passing the aperture, so that 
the space which it occupies on the screen, or roughened glass, 
is much wider than the geometric projection of the aperture. 
Secondly, the entire of this space is covered with parallel bands, 
or fringes, alternately bright and dark, distributed symmetri- 



DIFFRACTION. 77 

cally on either dde of the line passing through the luminons 
point and the centre of the aperture. 

If we trace these fringes, from their origin at the aper- 
ture to any distance, we shall find that they are propagated 
in hyperbolas, like the former. The curvature of these 
hyperbolic branches, and their inclination to one another, 
depend on the breadth of the aperture, and on its distance 
from the luminous point. Fraunhofer, who observed this 
class of phenomena with great attention and care, found that 
the angular distances of the successive bands of any given 
colour fix>m the central line formed an arithmetical progress 
sioHj whose common difference was equal to its first term ; 
and that, when different apertures were used, the distances 
of one and the same band from the central line were inversely 
as the breadths of the apertures. These fringes are broadest 
and most widely separated in red light ; they are narrowest 
and closest in violet light, and of intermediate magnitudes in 
the intermediate rays of the spectrum. In white light, there- 
fore, they present the succession of colours observed in other 
cases. 

When the aperture is formed by two straight edges 
slightly indinedy Newton observed that the fringes were not 
accurately parallel to the edges, but became broader as they 
approached ; and that they finally crossed, and formed two 
hyperbolic branches, one of whose asymptots is perpendicular 
to the line bisecting the angle of the edges, while the others 
are parallel to the edges themselves. 

(94) It is scarcely necessary to observe that the phenomena 
of diffraction may be endlessly varied, by varying the form of 
the diffiracting edge. The preceding cases have been se- 
lected as the most elementary. They are abundantly sufficient, 
when pursued into numerical details, to test the truth of 
any theory which may be applied to this class of pheno- 
mena ; and such a theory being once established, the laws of 
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the more complex appearances are best sought for in its de- 
ductions. We shall proceed, therefore, to consider the preced- 
ing phenomena in their relation to the two theories of light. 

(95) Newton conceived the rays of light to be itiflectedm 
passing by the edges of bodies, by the operation of the at- 
tractive and repulsive forces, which the molecules of bodies 
were supposed to exert upon those of light before they ar- 
rived in actual contact. By the operation of such forces, 
Newton was enabled to explain the laws of reflexion and re- 
fraction; and it was reasonable to suppose that the same 
forces played an important part in the phenomena now under 
consideration. 

Thus, the rays passing by the edges of a narrow opaque 
body, such as a hair or fine wire, are supposed to be turned 
aside by its repulsion ; and, as this force decreases rapidly as 
the distance increases, it follows that the rays which pass at a 
distance from the body will be less deflected than those which 
pass close to it, as is shown 
in the annexed diagram. 
The caustic formed by the 
intersection of these de- 
flected rays will be con- 
cave inwards ; and as none 
of the rays pass within it, 
it will form the boundary 

of ihQ visible shadow. Thus this supposition explains satisfac- 
torily the curvilinear termination of the visible shadow, and 
its excess above the geometric one. 

To account for ih^ fringes which are parallel to the edge 
of this shadow, Newton appears to have supposed the at- 
tractive and repulsive forces to succeed one another for some 
alternations ; and the molecules composing each ray, in their 
passage by the body, to be bent to and fro by these forces, 
in a serpentine course, and to be finally thrown off at one or 
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other of the points of contrary flexure. The intersection of 
the rays thus thrown off at different points of the same ser- 
pentine course will form a caustic or fringe ; so that each suc- 
ceeding fringe will be produced by the rays which pass at a 
given distance from the edge of the body. 

Finally, the separation of white light into its elements is 
explained, by supposing that the rays which differ in refirangi- 
bility differ also in irtflexibility^ — the body acting alike upon 
the less refrangible rays at a greater distance, and upon the 
more refrangible rays at a less distance. 

It is needless to comment upon the vagueness of these 
explanations. Newton himself was dissatisfied with them, 
and the subject fell from his hands unfinished. StiU, how- 
ever, the mere guesses of such a mind as that of Newton 
must claim a deep interest ; and it was natural that among 
his followers more weight should be attached to these con^ 
jectures, than he himself ever assigned to them. It seems 
necessary, therefore, to advert to some of the circumstances 
of the phenomena, which are not only unexplained by this 
theory, but winch seem moreover entirely at variance with it. 

(96) If the phenomenaof inflexion be the effects of attractive 
and repulsive forces emanating from the interposed body, — 
and if these forces are the same, or even analogous to those 
to which the reflexion and refraction of light are ascribed in 
the theory of emission, — it wiU follow that they must exist in 
different bodies in very different degrees ; so that the amount 
of bending of the rays, and therefore the breadth of the dif- 
fitu^ted fringes, should vary with the mass^ the nature, and the 
form of the inflecting body. Now it is clearly ascertained, 
on the contrary, that all bodies, whatever be their nature or 
the form of their edge, produce under the same circumstances 
fringes identically the same; and, in fact, the partial interrup- 
tion of light, caused by the interposition of an obstacle of any 
kind, appears to be the only condition essential to the pheno- 
menon. 
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Gravesende seems to have first observed that the nature 
or density of the body had no effect upon the magnitude 
of the diffracted images ; and the fact has since been con- 
firmed in the fullest manner by almost every inquirer in this 
branch of experimental science. It is now admitted that the 
inflecting forces, if such exist, must be independent of the 
chemical nature of the inflecting body, and altogether different 
from those to which, in the theory of emission, the phenomena 
of reflexion and refraction are ascribed. 

To ascertain whether the ^rm of the Qdge had any effect 
upon the fringes, Fresnel took two plates of steel, the edge 
of each of which was rounded in one half of its length, and 
sharp in the remaining half, — and placed the rounded portion 
of each edge opposite the angular part of the other. If then 
the position of the fringes depended on the form of the edge, 
the effect would thus be doubled, and the fringes appear 
broken in the midst. They were found, on the contrary, to 
be perfectly straight throughout their entire length. 

Again, the inflecting forces (though they must be supposed 
to vary in intensity with the form and mass of the body, 
and with the distance of the luminous molecule from the 
edge) cannot be conceived to depend in any way upon the 
distance previously traversed by the molecule, before it arrives 
in the neighbourhood of that edge; so that the magnitude 
and position of the fringes, in this hypothesis, cannot vary 
with the distance of the inflecting edge &om the luminous 
point. But this conclusion is the reverse of fact. The fringes 
dilate J and their mutual inclination is increased, as the obstacle 
approaches the luminous origin. 

The phenomena of diffraction, therefore, do not arise from 
the operation of attractive and repulsive forces, exerted by the 
molecules of bodies upon those of light. 

(97) The same objections apply to the hypothesis of 
Mairan and Du Tour, which ascribes these effects to the re- 
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fraction of small atmospheres encompassing the bodies, and 
of a different refractive power from the surrounding medium. 
For, if such an atmosphere be retsdned by the attraction of 
the body which it encompasses, — and tiiis seems to be the only 
intelligible mode of accounting for its presence, — its density, 
and its form, must vary with those of the body itself; and, 
consequently, its effects upon the rays of light must vary also. 
We are forced, then, to conclude, that the phenomena of 
drffiraction are inexplicable in the system of emission ; and we 
proceed to examine in what manner, and with what success, 
the principles of the wave-theory have been applied to their 
explanation. 

(98) This important step in Physical Optics was made by 
Young, and all the complicated phenomena of diffraction are 
now reduced to the simple prtinct/7/6 of IjUerfirence. 

The exterior fringes, formed without the shadows of bodies, 
were ascribed by Young to the interference of two portions of 
light, one of which passed by the body, and was more or less 
deviated, while the other was obliquely reflected from its edge. 
The fringes formed by narrow apertures were, in like manner, 
supposed to arise fit>m the interference of the two pencils re- 
flected from the opposite edges ; while the interior fringes, 
within the shadows of narrow bodies, were accounted for by 
the interference of the pencils which passed on either side of 
the body, and were bent into the shadow. The observed facts 
closely correspond with the calculated results of this theory; 
and in the case last mentioned. Young proved that the phe- 
nomenon admitted no other explanation. Placing a small 
opaque screen on either side of the difiracting body, so as to 
intercept the portion of light which passed by one of its edges, 
the whole system of bands immediately disappeared, although 
the light passing by the other edge was unmodified. 

The general laws of the fringes — ^the dependence of their 
magnitudes upon the length of the wave, and upon the distances 

G 
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of the luminous origin and of the screen— are fully explained 
on these hypotheses. It is easy to infer from them that, as the 
position of the screen is varied, the successive points of the 
same fringe are not in a right line, but form an hyperbola ; 
and that, when the distance of the luminous origin is les- 
sened, the inclination of these hyperbolic branches (considered 
as coincident with their asymptots) augments, and the fringes 
dilate. 

The theory of Young, however, did not bear a closer 
comparison with facts. If the exterior fringes arose from the 
interference of the direct light with that obliquely reflected 
from the edge of the obstacle, it would follow that the inten- 
sity of the light in them should depend on the extent and 
curvature of the edge. Fresnel found, on the contrary, that 
the fringes were wholly independent of the form of the dif- 
fracting edge ; the fringes formed by the back and by the 
edge of a razor, for example, being precisely alike in every re- 
spect. In the other cases of diffraction also, he perceived that 
the rays grazing the edge of the body were not the only rays 
concerned in the production of the fringes ; but that the light 
which passed by these edges at sensible distances was also 
deviated, and concurred in their formation. Fresnel was thus 
forced to seek a broader foundation for his theory. 

(99) In this theory the phenomena of diffraction are as- 
cribed to the interference of the partial^ or secondary waves, 
which are separated from the grand wave by the interposi- 
tion of the obstacle. In applying this principle, Fresnel sup- 
poses the surface of the wave, when it reaches the obstacle, to 
be subdivided into an indefinite number of equal portions. 
Each of these portions may, by the principle of Huygens, be 
considered as the centre of a system of partial waves ; and the 
mathematical laws of interference enabled him to compute the 
resultant of all these systems at any given point. This re- 
sultant vibration, Fresnel has shown, is in general expressed 
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by means of two Integrals, which are to be taken within limits 
determined by the particular nature of the problem. Its 
square is the measure of the intensity of the light ; and it is 
found that its value has several maxima and minima, which 
correspond to the intensities of the light in the bright and 
dark bands. 

The problem of diffraction was thus completely solved ; 
and its laws derived from the two principles to which the 
laws of reflexion and re&action are themselves referred, — the 
principle of Interference and the principle ofHuygens. It only 
remained to apply the solution to the principal cases, and to 
compare the results with those of observation. The cases of 
diffitiction selected by Fresnel are those whose laws have been 
already explained; viz. the phenomena produced — 1, by a 
single straight edge ; 2, by an aperture terminated by parallel 
straight edges ; and 3, by a narrow opaque body of the same 
form. The agreement of observation and theory is so com- 
plete, that the computed places of the several bands seldom 
differ from those observed by more than the 100th part of a 
millimetre. 

(100) The general circumstances of these phenomena may 
be deduced by very simple considerations from the principles 
already laid down; although the complete development of 
these principles demands the aid of a complicated analysis. 

Thus, in the case of the fringes produced by a single 




edge^ let O be the luminous origin, MaN a diverging wave, 
and R any point at which the illumination is sought. From 

g2 
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this point, as centre, let a circle be described, touching the 
circle MaN in a, and let the lines BA'bj Bc'c, &c., be drawn in 
such a maimer that the intercepts bb', cc'^ dd\ &c., are equal 
respectively to one, two, three, &c. semi-undulations. The 
effect produced at the point B is then, by the principle of 
Huygens, the sum of the effects produced by each of the por- 
tions ah^ bCi cdj &c., separately. But, the distances of these 
consecutive portions from the point B differing by half a 
wave, their effects will be opposed at that point ; so that, if 
m denote the intensity of the light sent from the portion ab^ 
tn that from 5c, &c. — ^the light sent from the indefinite wave, 
oM. or aN, being taken asunity^— the actual light which reaches 
the point B will be 1, 1 + m, 1 + m - m', 1 + m - m' + m", &c., 
according as the obstacle is placed at the point a, ft, c, cf, &c. 
And the intensity of the light when the obstacle is altogether 
withdrawn is 

1 + m - m'+ m"- wi'"+ &c. = 2. 

Now, as the terms of this series are continually decreas- 
ing, and are affected alternately with opposite signs, it is ma- 
nifest that if we stop at any term, the sign of the remainder 
will be the same as that of its first term, and therefore al- 
ternately positive and negative. Accordingly the intensities, 
1 + m, 1 + wi - wi', 1 + 7w - m' + m", &o., are alternately greater 
and less than 2 ; and the intensity of the light sent to the 
point B is alternately greater and less than when no obstacle 
is interposed. 

It will be easily understood, from this general explanation, 
in what manner the magnitude of the fringes depends on the 
length of the wave, on the distance of the luminous origin 
fiom the obstacle, and on the distance of the screen. They 
must be broadest in red light, and narrowest in violet light ; 
and in white or compound light, the difiracted bands of dif- 
ferent colours will occupy different positions, so as to form a 
succession of iris-^coloured bands having the violet or blue in- 
side, ^and the red without. After a few successions these 
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bands whoQy diaappeu*, owing to tke eupopontion of bands 
of diflfeient coloaiB. 

(101) It IS easy to compute the leUdye places of the same 
fringe, for different positions of tlie Inminoiis point, and of the 




Let P be the edge of 
the obstacle, PA a pw- 
tion of the waye, direig- ® 
ing from O, which has 
just reached that edge; 

and let QB be the scroeii, and B the place of a fringe of any 
given order. Then, inoider thai this point shoold bdong to 
the same fringe, tar erery distance of the Imninoos <xigin and 
of the screen, it is only necessary that the interval of retarda- 
tion, KP - BA, of the centnJ and nourginal parts of the wave 
should be constant. For in this case the whole wave, AP, 
may be divided into a given nmnber of parts, such that the 
diflference of the distances of the snccesdYe points of dividon 
from the pointB diall be constant; and therefore the eflecti ve 
wave conosts of the same nmnber of elementary pcHiions in 
the same relatiTe state as to interference. 

Now, denoting OP by a, PQ by b, and QB by x, we 
have 

BP = V^T]?=& + ^, 
q, p., fflnce x is very small in comparison with b. Smilarly, 

eo that BA = *.^^. «Hl RP - KA = i ^ (» --l-^\ 

But, by the condition of the question, this diflkience is a 
constant quantity ; and denoting this constant by S, we have 



»-a-.4-.)=*- '-r^ 
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When b varies, a remaining unaltered, — i. e. when the po- 
sition of the screen is varied, — the value of -x is the ordinate 
of an hyperbola whose abscissa is b ; so that the successive 
points of the same fringe belong to an hyperbola, whose sum- 
mit is the edge of the obstacle. 

(102) The interior fringes formed in the shadow of a nar- 
row opaque body arise, it has been said, from the interference 




of the two portions of the wave which pass by the edges on 
either side. Let PP' be the section of the opaque body, Pc 
and PV the two portions of the diverging wave which has 
just reached its edges, and R any point of the shadow. Then, 
if these portions be divided in the points a, by c, &c., a\ b\ c , 
&c., in such a manner, that the difference of the distances of 
any two consecutive points from the point R is equal to half an 
undulation, the elementary wave sent from each portion will 
be in complete discordance with those sent from the two ad- 
jacent portions ; so that, if the several portions be equal, they 
will neutralize one another's effects at the point R, with the 
exception of the extreme portions, P«, P'a', the halves of which 
next the edges remain uncompensated. 

Now the arcs Pa, ab^ bcy &c., are very nearly equal, when 
the lines drawn from their extremities to the point R are 
sufficiently inclined to the normal, — or, in other words, when 
this point is sufficiently removed from the edge of the geo- 
metric shadow. In this case, then, the only efficacious parts 
of the wave are the halves of the extreme portions. Pa and 
Pa'/ and the intensity of the light at the point R will be de- 
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termined by the difference of their distaDces from that point, 
or (which comes to the same thing) by the difference of the 
lengths of the lines connecting it with the edges of the ob- 
stacle. The phenomena of interference are therefore the same 
as in the case of light emanating from two near origins, already 
considered ; and we may transfer to the present case the con- 
clusions arrived at in (81). Accordingly, if c denote the 
breadth of the obstacle, and b its distance from the screen, the 
distance, Xy of any band from the centre of the shadow is 

nb\ 



X = 



2c 



( 1 03) The positions of the fringes formed by a narrow reo 
tangvlar aperture are determined by a similar formula. 

Let PP be the section of the aperture, PAP the portion 
of the wave which has just reached it, diverging from the lu- 
minous origin at O ; and let QQ' be the projection of the 
aperture on the screen. Then, if we take the point R on this 
screen in such a man- 
ner, that the difference 
of its distances from 
the edges of the aper- 
ture, RF ^ RP, shall 
be equal to a whole 
number of semi-undula- 
tions, that point will be the centre of a dark or bright band, 
according as the assumed number is even or odd. For, in the 
former case, the wave PAP may be divided into an even 
niunber of parts, such that the distances of every two conse- 
cutive points of division from the point R differ by half an 
undulation; the waves sent by every two consecutive por- 
tions to the point R will therefore be in complete discordance, 
and the total effect at that point will be null. On the other 
hand, when the difference RP - RP is equal to an odd num- 
ber of semi-undulations, the number of opposing portions of the 
wave will be odd, and as the alternate portions compensate 
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each other's effects at the point B., there will remain one por- 
tion producing there its full effect. 

The successive bands being formed at the points for which 
KP' - RP « n}^ it is obvious that their distances, RB, from 
the centre of the projection of the ai)erture, will be given by 
the same formula as in the case last considered, c being now 
the breadth of the aperture, — with this difference, however, 
that the dark bands correspond to the even values of n, and 
the bright bands to the odd values, which is the reverse of 
what takes place in the bands formed within the shadow of an 
opaque obstacle. We learn then, 1st, that the distances of 
the successive fnnges of any colour form an arithmetical pro- 
gression whose common difference is equal to its first term ; 
2ndly, that they vary directly as the distance of the screen, 
and inversely as the breadth of the aperture ; and 3rdly, that 
they are proportional to the length of the wave ; and therefore 
greatest for the extreme red rays, least for the extreme violet, 
and of intermediate magnitude for the rays of intermediate 
refrangibility. 

We have supposed the screen to be so remote that the 
bands are entirely without the projection of the aperture. 
This will obviously be the case when QP - QP is less than 
half a wave. When the distance of the screen is so small that 
QP - QP exceeds this limit, fringes will be visible also within 
the projection of the aperture. In this case the portions into 
which the wave is divided are sensibly different in magni- 
tude, as well as obliquity. The reasoning above employed 
is therefore no longer applicable ; and the points of maximum 
and minimum brightness can only be obtained by a complete 
calculation of the intensity of the light. 

(104) The phenomena of diffraction hitherto considered 
are of the simplest class : but as such phenomena arise in 
every instance in which light is in part intercepted, it is ob- 
vious that they admit of endless modifications, varying with 
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the fonn of the interposed body. Some of these are too re- 
markable to pass unnoticed. 

Among the most striking of these effects are those pro- 
duced by light diver^ng from a luminous origin^ and trans- 
mitted through a small circular aperture ; — as, for example, 
that formed by a pin in a sheet of lead. When the trans- 
mitted light is viewed through a lens, the image of the aper- 
ture appears as a brilliant spot, surrounded by coloured rings 
of great yividness; and these vary in the most beautiful 
manner, as the distance of the aperture from the lummous 
origin, or from the eye, is altered. When the latter distance 
is considerable, the central spot is white, and the coloured 
rings follow the order observed in thin plates. As the eye 
approaches the aperture, the central white spot contracts to 
a point, and then yanishes. The rings then close in on it in 
order ; and the centre assumes in succession the most vivid 
and beautiful hues, altogether similar to those of the reflected 
rings of thin pktes. 

This remarkable coincidence has been shown to be an 
exact result of theory. It has been demonstrated that the in- 
tensity of the light of any simple colour, at the central spot, 
— and the compound tint in the case of white light, — ^will be 
the same as that reflected from a plate of air, whose thickness 
bears a certain simple relation to the radius of the aperture, 
and its distances from the Imninous origin and from the 
eye. 

The points of maximum and minimum intensity are easily 

determined. 

Let O be the luminous 
point, and O AB the line drawn 
from it through the centre of 
the aperture PP'; then the 
interval of retardation, S, of 

the ray which reaches any point B on this line, coming from 
the edge of the aperture, is OP + PB - OB. Let OA « «, 




90 DIFFRACTION. 

AB = by and AP « r ; then, since r is very small in compari- 
son with a and b^ it is easy to see that 

Now when this interval is equal to a whole number, w, of 
semi-undulations, the aperture may be divided by concentric 
circles, such that the rays which reach the point B, coming 
from any two successive circumferences, shall differ by the in- 
terval of half a wave. It follows from the preceding for- 
mula that the squares of the radii, and therefore the superficies 
of the successive circles thus formed, are as the numbers 
of the natural series ; so that the annuli comprised between 
every two succeeding circumferences are equal. But the ele- 
mentary waves proceeding from each annulus are in complete 
discordance with those from the two adjacent. The successive 
annuli will therefore destroy one another's effects, and the total 
intensity of the light at the point B will be null, or equal to 
that of the last, according as the number of annuli (the cen- 
tral circle included) is even or odd. Hence, for a given aper- 
ture, there will be a succession of points on the axis, at which 
the intensity of the light is alternately nothing and a maximum ; 
and it is obvious from the preceding that the distances of these 
points will be the values of b given by the formula 




in which the points of complete darkness correspond to the 
even values of n, and those of maximum brightness to the 
odd values. 

Such is the case with homogeneous light. As the points 
of maximum and minimum intensity are different for the rays 
of different colours, there will be no point of complete dark- 
ness in compound light, but a succession of points, at which 
, the centre of the aperture is richly coloured. 
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(105) The theory of Fresnel is not only in exact accord- 
ance with ftcts ahready known: it has also led to many 
new and unexpected conduraons, and predicted consequences 
which have been afterwards verified on trial. One of the 
most remarkable of these is the phenomenon of diffiraction by 
an opaque circular disc. Poisson implied Fresnel's integrals 
to this case ; and he was led to the startling result, that the 
illumination of the centre of the shadow was precisely the 
same as if the disc had been altogether removed. The prin- 
ciples abeady laid down will enable the reader to satisfy him- 
self of the theoretical truth of this condudon. Arago was 
the first to show that it was in accordance with fiict, and his 
experiment may be repeated without much difliculty. 

(106) We have seen that when light diverging fix)m a 
luminous point passes by the edges of a fine hair or wire, a 
succession of coloured bands will be formed parallel to the edge 
of the shadow ; and the distances of these bands Scorn the 
shadow, and fi-om one another, will be greater, the less the 
diameter of the wire. If many such wires be exposed to the 
diverging beam, and if, instead of being parallel, they are 
crossed and interlaced in every possible direction, it is easy to 
conceive that the coloured bands will be disposed in concen- 
tric circles, whose centre is the luminous point. These circles 
resemble the halos visible round the Sun and Moon in hazy 
weather. Their diameters vary in the inverse ratio of the 
thickness of the wires or fibres. 

This law was applied by Young, in a very ingenious man- 
ner, to the comparison of the diameters of fibres, or small par- 
ticles of any kind. 

A plate of metal is perforated with a small round hole, about 
the ^th of an inch in diameter, around which, at the distance 
of about i or ^ of an inch, is a circle of smaller holes. The 
flame of a lamp is then placed immediately behind the aperture, 
and the luminous point viewed through the substance to be 
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examined* A ring or halo will be seen surrounding the aper- 
ture ; and by moving the substance backwards and forwards 
on a graduated ruler, this ring may be brought to coincide 
with the circle of small holes pierced in the plate. The dis- 
tance from the aperture is then read off on the ruler, and varies 
obviously in the inverse ratio of the angular diameter of the 
spectrum ; but the diameters of the particles vary also in the 
same inverse ratio, so that the distance on the ruler at once 
becomes a measure of these diameters. In this manner Young 
compared the diameters of a great number of very minute 
substances, — such as the fibres of the finest wools, the glo- 
bules of the blood, &c. The instrument itself he called the 
Eriometer. 

(107) In the case last mentioned, we have supposed the 
intervals of the fibres, or fine wires, to be much greater than 
their thickness ; in which case the phenomenon depends mainly 
on the diameter of the opaque fibre. When the intervening 
apertures are very small, the effect is influenced by their mag- 
nitude, and assumes a different character. Thus, if a grating 
be formed, by stretching a wire between two fine screws of 
equal thread, and if this grating be held in the beam diverg- 
ing from a luminous point, we shall observe, on either side of 
the direct image, a series of spectral images richly coloured 
with all the prismatic tints ; the spectra increasing in breadth, 
and diminishing in intensity, as they recede from the centre. 

These phenomena are seen to most advantage by means 
of a telescope adjusted to the luminous origin. The grating 
being held before the object-glass of the telescope, the spectra 
are formed at its focus, and are there viewed, with all the ad- 
vantages of distinctness and amplification, by means of the 
eye-glass. Fraunhofer, who observed these phenomena with 
much attention and care, traced no fewer than thirteen spec- 
tra on either side of the central image ; the first pair being 
separated from the central image, and from the second pair, 
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by intervals absolutely black. By a very accurate mode of 
measurement he ascertained that the deviations of any one 
colour from the central image, in the successive spectra, formed 
an arithmetical progression ; and that the absolute amount of 
these deviations varied inversely as the intervals of the axes 
of the wires. 

(108) These results flow readily from the principle of in- 
terference, — the^r*^ pair of spectra, on either side of the cen- 
tral image, being produced by the interference of those rays 
whose paths differ by one undulation ; the second pair, by those 
whose paths differ by two undulations ; and so on. 

Let the light proceeding from a very remote origin fidl on 
the grating, whose opaque parts are represented by aft, a'b\ 
a"b\ &c. ; and let Q be the place of the eye. Then, if we take 
a portion of the grating, ad\ composed of one opaque and one 
transparent portion, in such a manner that the difference of the 
distances of its extremities from the point Q, Qa" - Qo', shall 
be equal to the length of 
a wave, it is manifest that 
the corresponding portion 
of the incident wave, a'a!\ 
may be divided into two 
parts very nearly equal, 
the waves sent from which 
to the point Q shall be 

in complete discordance. Without the grating, therefore, the 
effect of that portion of the incident wave would be null at the 
point Q, and no light from it would reach the eye. The 
effect of the grating, however, is to intercept the whole or 
part of one of the two interfering portions, and thus to render 
the other visible : and this effect is greatest when the opaque 
and transparent parts of the grating are equal. A bright 
band will therefore be visible in the direction Qa". The same 
thing will happen for all the similar divisions of the grating, 
the distances of whose extremities from the point Q differ by 
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two, three, or any whole number of undulations ; and thus 
there will be a succession of bright bands, visible at different 
angular distances from the direct ray PQ. 

These angles are easily computed. Let a'k be the arch of 
a circle described with the centre Q ; then a"A = a' a!' cos a'a"k 
» a^a" sin PQa". But the interval of retardation, a"A, is equal 
to the length of a wave ; so that, if the angle PQa" be de- 
noted by 0, and the interval composed of an opaque and trans- 
parent part of the grating, a V, by 6, we have 

sin ff = — . 

£ 

This is the angular distance of the^r^^ bright band from the 
central one ; and it is obvious that the corresponding angle, 
for the band of the w'* order is given by the formula 

. ^ wA 
sin Vn = — . 

£ 

The position of each ray, in these spectra, therefore depends 
solely on the length of the wavCy and is independent of the na- 
ture of the substance by which it is produced. 

(109) It is a remarkable circumstance of the phenomenon 
whose laws we have been tracing, that when the experiment 
is performed with the requisite care, the several species of 
homogeneous light are so pure and unmixed in the spectra, 
that ihe fixed lines may be discerned. These lines, then, are 
wholly independent of refraction, and exist in the parts of 
the solar beam before they are separated by the prism. The 
phenomenon, when thus exhibited, is however distinguished 
by a remarkable peculiarity. The distances of the fixed lines 
in the diffracted spectrum are alweija proportiofial, whatever 
be the diffracting substance; while the ratios of the intervals 
of the fixed lines (or of the breadths of the coloured spaces), 
in the spectra formed by refraction, vary with the dispersive 
powers of the prisms. In fact, the angle being small, we 
may make sin = sin V ; so that 
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6 sin r 

Hence if, d, 62, Ot^ denote the deviations corresponding to any 
three definite points in the spectrum, and Xi, Xj, X3, the corres- 
ponding wavelengths, it follows that 

O2 - ^1 _ X2 ~ Xi ^ 
63 — di Xs — Xi 

or the intervals of the fixed lines of the spectrum are as the 
differences of the correspondii^ wave-lengths, and are there- 
fore in an invariable ratio* The difference in the disposition 
of the fixed lines, in the spectra formed by difiraction and by 
refraction, will be seen in the diagrams of Art. (1 1 1), in which 
the points B, C, D, &c., of the horizontal line BH, represent 
the relative positions of the principal fixed lines, in the spec- 
trum formed by a prism of flint-glass, and in the diffracted 
spectrum, respectively. 

(110) The formula of Art. (108) suggests a very simple 
method of determining the length of the wave corresponding 
to any given ray of the spectrum. The value of c, or the in- 
terval of the axes of the wires, may be ascertained with the 
greatest ease and precision ; and we have, therefore, only to 
measure the angular deviation, 6, of the ray of any simple 
colour from the axis, in order to deduce the value of X. Fraun- 
hofer computed in this manner the lengths of the waves cor- 
responding to the seven principal fixed lines of the spectrum ; 
and the resulting values are perhaps the most exact optical 
constants we possess. 

The wave-lengths, corresponding to the principal fixed 
lines, B, C, D, E, F, G, H, expressed in millionths of a milli- 
metre, were thus found to be* 

688, 656, 589, 526, 484, 429, 393- 

* M. Mossotti has pointed out a curious relation between these numbers 
and the lengths of the chords which produce the notes of the diatonic scale. 
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The wave-length corresponding to the middle paint of the 
diffracted spectrum is 553*5 millionths of a millimetre. 
The wave-lengths corresponding to the extreme visible paints 
are 738 and 369 millionths, respectively, the former of which 
is exactly double of the latter. 

(Ill) But the diffracted spectrum is further distinguished 
by the simplicity of the law which governs the intensity of the 
light in its several parts. The intensity of the light in the or- 
dinary spectrum (formed by a prism of flint-glass) was deter- 
mined by Fraunhofer, for the points corresponding to the 
principal fixed lines. These intensities are represented by the 
ordinates of the curve in the annexed diagram. The ordinate 




at the point m (situated between the fixed lines D and E, at a 
distance Dm = -- DE) corresponds to the maximum inten- 
sity, and divides the whole light of the spectrum into two 
equal parts, the areas of the two portions of the curve being 
equal. 

The law of the intensity in the diffracted spectrum was 
deduced by Mossotti from the foregoing : it is represented by 
the ordinates of the curve in the following diagram. We see 
that— 




I. The ordinate which divides the light into two equal 
portions corresponds to the middle point of the spectrum. 

II. This ordinate is a maximum ; and the curve is sym- 
metrical ^th respect to it as an axis. 
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Accordingly, the intensity of the light of the latter spec- 
trum is a maximum at the middle of its lengthy and decreases 
thence symmetrically on either side. It is evanescent, when 
the wave-length increases, or decreases, by about one-third of 
the value corresponding to the maximum intensity. 

Hence while, in the spectra formed by refraction, the ratios 
of the spaces occupied by the several colours, and the intensities 
of the light at the several points, vary with the refracting sub- 
stance y they are, on the other hand, invariable in the diffract ed 
spectrum. The latter spectrum, accordingly, must be re- 
garded as the normal one, to which all others are to be re- 
ferred. 

(112) Gratings producing these effects may be formed in 
several ways — as, for example, by tracing a number of paral- 
lel lines on glass with a fine diamond point. Fraunhofer suc- 
ceeded by such means in forming ruled surfaces in which the 
striae were actually invisible under the most powerful micro- 
scopes, the interval of the grooves being only the ^^^nu of an 
inch. 

Analogous phenomena may be produced by reflexion. If 
a great number of parallel lines be engraved at very small and 
equal intervals upon a polished surface, the light reflected 
from the intervals of the grooves will interfere in a manner 
precisely analogous to that admitted through the apertures 
of the gratings ; and will, by their interference, produce the 
most brilliant spectra. In some of the grooved metallic sur- 
faces constructed by Mr. Barton, there are 10,000 lines to the 
inch^ With surfaces so minutely divided, the spectra pro- 
duced are as perfect as those formed by the finest prisms ; and 
the colours which they display are little inferior to those of 
the diamond. 

Similar appearances may be observed on metallic surfaces 
which have been polished with a coarse powder, the powder 
leaving minute striae which produce the effects we hSve been 

H 
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describing. They may also be very simply produced by pass- 
ing the finger over the surface of a piece of glass moistened 
by the breath. The striae thus formed in the coating of vapour 
display very brilliant colours, which vary with the position of 
the eye. 

(113) The beautiful colours oi mother o/'p^ar/ are natural 
instances of the same phenomena. This substance is com- 
posed of a vast number of very thin layers, which are gra- 
dually and successively deposited within the shell of the 
oyster, each layer taking the form of the preceding. When 
it is wrought, therefore, the natural joints are cut through 
in a great number of sinuous lines ; and the resulting sur- 
face, however highly polished, is covered by an immense 
number of undulating ridges, fonQed by the edges of the 
layers. These striee may be observed by the aid of a 
powerful microscope, although they are sometimes so close 
that 5000 of them occupy an inch. That they are the 
causes of the brilliant colours displayed by this substance 
has been placed beyond doubt by an e^^periment of Sir 
David Brewster. This experiment consisted simply in 
taking the impression of the surface of the pearl on wax, or 
any other substance fitted to receive it : it was found that 
the impressed surface displayed all the colours of the ori- 
ginal body. In fact, the colours of striated surfaces indicate 
their structure, perhaps more unerringly than any other 
means: Sir David Brewster has made a very ingenious 
use of their laws, in investigating the curious and compli- 
cated structure or the crystalline lens in fishes and other 
animals. 

(114) There remains another class of phenomena pro-^ 
duced by diffiraction, which it is important to notice. 

We have already seen the ^Sscts produced, -when l^t 
diver^g ihdm a luminous point is transmitted through a 
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narrow aperture, and received on a screen. But if we 
vary the experiment, by placing a lens of considerable focal 
length (as the object-glass of a telescope) immediately be- 
hind the aperture, and receive the image on a screen at 
the conjug:ite focus, the appeanmces displayed are altered 
in a remarkable manner, ind differ more widely from those 
produced in the former case, as the aperture is greater. 
In fsct, the phenomena of diffraction are thus produced 
with apertures of considerable dimensions, and were observed 
by Sir William Herschel with the undiminished objectnspe- 
cula of his great telescopes : they are rendered more dis- 
tinct, however, when the aperture of the telescope is limited 
by a diaphragm of moderate size. When a star is viewed 
through a telescope of high power, having its object-lens 
thus limited, its image is encompassed with a system of dif- 
fiacted rings slightly coloured, succeeding one another at 
equal intervals; — the diameters of the rings varying in- 
versely as those of the apertures. The phenomena vary in 
a very cutious manner, when the form of the aperture is 
changed. Thus, when a triangular diaphragm is substituted 
for the circular one, the disc of the star appears surrounded 
by a black ring, from which diverge six rays at equal, in- 
tervals. 

These phenomena have been examined in detail by Sir 
John Herschel and by M. Arago. Their mathematical ex- 
planation has been given by Mr. Airy, in his valuable tract 
on the Undulatory Theory ; and the deductions of theory are 
found to be in complete accordance with the observed facts. 
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CHAPTER VII. 

COLOURS OF THIN PLATES. 

« 

(115) The colours of thin plates were first noticed by 
Boyle and Hooke. They are displayed in every instance in 
which transparent bodies are reduced to films of great tenuity. 
Boyle succeeded in blowing glass so thin as to exhibit the 
phenomena : they are more readily developed in mica, and 
some other transparent minerals, which possess a lamellar 
structure ; but the most familiar instance of their exhibition 
is in the^o^A of liquids^ — the fluid envelopes of the bubbles 
which compose it being in general of extreme thinness. 

These colours vary with the thickness of the film, and dis- 
appear altogether when it passes certain limits. When the film 
exceeds a certsdn thickness, all the colours are equally reflected, 
and the reflected light is therefore white. On the other hand, 
when the thickness falls below a cert^n limit, no light what- 
ever reaches the eye, and the surface of the film appears abso- 
lut^y hlack, 

(116) The foregoing facts may be olperved in the common 
soap-bubble, when properly defended from the disturbing in- 
fluence of currents of air. If the mouth of a wine-glass be 
dipped in water, which has been rendered somewhat viscid 
by the mixture of soap, the aqueous film which remains in 
contact with it after emersion will display the whole suc- 
cession of these phenomena. When held in a vertical plane, 
it will at first appear uniformly white over its entire surface ; 
but, as it grows thinner by the descent of the fluid particles, 
colours begin to be exhibited at the top, where it is thinnest. 
These colours arrange themselves in horizontal bands, and 
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become more and more brilliant as the thickness diminishes ; 
— until finally, when the thickness is reduced to a certain 
limit, the upper part of the film becomes completely black< 
When the bubble has arrived at this stage of tenuity, cohesion 
is no longer able to resist the other forces which are acting on 
its particles, and it bursts. 

Similar phenomena may be observed when a drop of oii is 
let fall on water. As the oil spreads rapidly over the surface, 
it is soon reduced to a very thin film, which displays the 
spectral colours. 

Every one has noticed the fact that sieel and other metah^ 
when polished, acquire various shades of colour by exposure 
to the air. These colours are produced by a thin coating of 
metallic oxide, which is gradually formed on the surface. The 
formation of this oxide is greatly accelerated by an augmenta- 
tion of temperature ; and the colour thus formed is so inva* 
riably connected with the thickness of the film, and this latter 
with the degree of heat, that artists are in the habit of mea* 
silling the temperature by the colour developed. Thus steel, 
*in the process of tempering, is said to have received a yellow 
heat, a blue heat, &c. 

The same appearances are displayed in a still more strike 
ing manner by air itself, or even by a vacuum. If ^o 
plates of glass be pressed together by the fingers, we shall 
observe, round the ptint of nearest approach, a succession of 
coloured bands of great brilliancy, which dilate as the pressure 
is increased, and the inclosed plate reduced in thickness. 

(IH) In order to observe these phenomena, in such a 
manner as to be enabled to trace their laws, we must follow 
Newton. Newton's experiment consisted simply in laying a 
convex lens of glass upon a plane surface of the same mate- 
rial. The thickness of the inclosed plate of air increases as the 
square of the distance from the point of contact, and is, there- 
fore, the same at all equal distances from that point; and, as 
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the reflected colour depends on the thickness, the bands of the 
same colour will be arranged in concentric circles, of which 
that point is the centre. The same succession of colours is 
produced when any other transparent fluid is inclosed between 
the glasses. The colours, however, are more vivid, the more 
the refractive power of the thin plate differs from that of the 
substances within which it is inclosed. 

When we look attentively at these rings, the light being 
reflected always at the same angle, we observe that the cen- 
tral one is not a mere annulus, but a complete circle of nearly 
uniform colour. If then we diminish the thickness of the 
plate of air, by pressing the two glasses more closely together, 
this central circle is observed to dilate, and a new circle of a 
different colour to spring up in its centre. This will dilate in 
turn, driving the former before it, and another circle appear 
within it ; — until at length a black spot shows itself in the 
centre of the system, after which no further diminution of 
thickness will alter the succession. When the black spot 
makes its appearance, we have obtained a plate of air so thin 
as no longer to reflect any colours, and the phenomenon is 
complete. Newton traced seven coloured rings roimd this 
spot, the colours of which are said to be of the Jirst^ se- 
cond^ thirds &c., order^ according to the order of the ring to 
which they belong. Thus, the red of the third order is the 
red in the third ring from the central black, &c. The whole 
succession of colomrs is called NewtofCs scale. 

(1 18) The principal laws of these phenomena are included 
in the following propositions : 

I. In homogeneous light, the rings are alternately bright 
and black ; the thicknesses corresponding to the bright rings 
of succeeding orders being as the odd numbers of the natural 
series, and those corresponding to the black rings as the inter- 
mediate even, numbers. 

II. The thickness corresponding to the ring of any given 
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order varies with the colour of thelight» — being greatest in red 
light, least in violet, and of intermediate magnitude in light of 
intermediate refran^bility . In white or compound light, there- 
fore, each ring will be composed of rings of different colours, 
succeeding one another in the order of their refrangibility. 

III. The thickness corresponding to any given ring varies 
with the obliquity of the incident light, being very nearly pro- 
portional to the secant of the angle of incidence, 

IV. The thickness varies with the substance of the reflect- 
ing plate, and in the inverse ratio of its refractive index. 

(119) In order to establish the first of these laws, it is 
necessary to employ homogeneous light. This may be ob- 
tained by means of the prism : or we may adopt the method 
suggested by Mr. Talbot, and illuminate the glasses with a 
spirit lamp having a salted wick. The light of such a lamp 
being a yellow of almost perfect homogeneity, the rings will be 
alternately biack and yellow ; and their number is so great as 
to baffle any attempt to determine it. 

The law of the thicknesses corresponding to the succes- 
sive rings is easily established. 
Let O be the point of contact _ <^' *' «' o a i e 




of the plane and spherical sin:- y^^' ^ y 

faces, and aa\ bb\ cc\ &c. the 

diameters of the successive rings formed round that point as a 
centre. It is evident that the thicknesses of the plate of air 
at the points where these ring& are formed, aa^ 6j3, cy, &c., 
are as the squares of the distances Oa, 06, Oc, &c., or as 
the squares of the diameters of the rings : to determine the 
law of the thicknesses, therefore, we have only to measture 
these diameters. This was done by Newton with great ac- 
curacy, and it was found that the squares of the diameters 
were in arithmetical progression; consequently, the thick- 
nesses corresponding to the successive rings formed a similar 
progression. 
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(120) But Newton did not stop here : he ascerttuined 
further the absolute thickness of the plate of air at which each 
ring was formed. It is manifest that if the thickness of the 
plate be determined for any one ring, that corresponding to 
the others will be given by the law just stated. Newton, 
accordingly, proceeded to ascertain this thickness for the dark 
ring of the Jijih order. This was done by measuring its 
diameter accurately, and determining the radius of the spheri- 
cal surface from the focal length of the lens and its refractive 
index. The thickness is thence immediately deduced ; for it 
is equal to the square of the radius of the ring divided by 
the diameter of the spherical surface. The value thus de- 
duced being suitably corrected, it was found that the thick- 
ness of the plate of air was the yy^tJir ^^ ^^ inch, at the 
dark ring of the fifth order ; and this thickness being decuple 
of that corresponding to the first bright ring, it followed that 
the thickness of the plate of air, at the place of the^r^f bright 
ring^ was the ■u'iTSTSis ^^ ^^ inch. Thus the bright rings of 
the successive orders are formed at the thicknesses 

i — — J < — > &<* 

178000 178000 178000 178000 

and the intermediate dark rings at the thicknesses 

2 4 6 8 
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178000 178000 178000 178000 



&c. 



These determinations belong to the most luminous rays 
of the spectrum, or those at the confines of the orange and 
yellow. 

(121) The variation of the diameters of the rings (or of 
the thicknesses of the plate of air at which they are exhibited) 
with the colour of the light, may be observed by illuminating 
the glasses vrith different portions of the spectrum in succes- 
sion, — or, yet more simply, by looking at the rings through 
coloured glasses ; and it is found that the magnitude of the 
rings is greater, the less the refrangibility of the light. This 
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being understood, it is easy to comprehend the cause of the 
succession of colours in each ring, when white or compound 
light is used. For the rings, in this case, are the aggregate 
of the rings of different colours; and these being of different 
magnitudes, the compound ring will be variously coloured, the 
more refrangible rays occupying the interior, and the less re* 
frangible the exterior parts of the ring. It is easy to see also, 
that all phenomena of colour must disappear after a few succes- 
sions, the rings of different colours, belonging to different 
orders, being at length superposed. 

The variation of the rings (and therefore of the thick- 
nesses) with the obliquity of the incident light may be observed 
by depressing the eye. The rings are then seen to dilate 
rapidly with the obliquity of the reflected pencil; the thick- 
nesses of the plate of air at which they are exhibited being 
nearly as the secants of the angles of incidence or reflexion. 

The fourth and last law, which expresses the depend- 
ence of the thickness, at which any ring is formed, upon the 
refractive power of the plate, is easily verified by introducing 
a drop of water between the glasses. The rings are then ob- 
served to contract ; and if we compare their diameters in air 
and in water, it will be found that the corresponding thick- 
nesses of the plate are as four to three, or in the inverse ratio 
of the refractive indices. 



( 1 22) We have hitherto spoken only of the reflected rings. 
There is another system of rings formed by transmission^ but 
much fainter than the former. The transmitted rings are 
found to observe the same laws as the reflected rings, — with 
this remarkable exception, that the colour transmitted at any 
particular thickness of the plate is always complementary to 
that reflected at the same thickness; so that, in homogeneous 
light, the bright transmitted ring is always at the same dis- 
tance from the centre as the corresponding dark one of the 
reflected system. 
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(123) The phenomena of thin plates are exhibited, under 
a modified form, in the folloMring experiment : 

A little fine soap is spread upon a plate of black glass, 
and is distributed uniformly by rubbing the surface lightly 
with a piece of soft leather. If then we blow on the surface, 
thus prepared, through a short tube, — taking care to direct 
the tube always to the same part of the plate, — the vapour of 
the breath will be deposited in a thin film, whose thickness 
diminishes regularly from the point to which the tube is di- 
rected. This film will accordingly display a series of coloured 
rings analogous to those formed by the plate of air between 
two object-glasses, — with this difference, however, that the 
order of the rings is reversed^ the outermost ring corresponding 
to the centre of Newton's scale. This little apparatus, con- 
trived by Mr. Read, is denominated by him an iroscope. 

(124) It is now time that we should enter on the physical 
account of these phenomena. 

For their explanation, it has been already stated, Newton 
framed the hypothesis of the^^* of easy reflexion and trans- 
mission already referred to : its application to the phenomena 
of thin plates is obvious. The molecule of light isia a Jit of 
easy transmission in its passage through the^r^^ surface ; this 
is succeeded by a fit of easy reflexion, — and so on alternately, 
the spaces traversed during the continuance of the fits being 
all equal. On arriving at the second surface, therefore, the 
molecule will be in a fit of easy transmission, or easy reflex- 
ion, according as the interval of the surfaces is an even or 
an odd multiple of the length of the fit. Thus the alter- 
nate succession of bright and dark rings, and the arilJimetical 
progression of the thicknesses at which they are exhibited, are 
explained. 

To explain the second law, it is necessary to suppose that 
the length of the fits varies with the colour of the lights being 
greatest in red light, least in violet, and of intermediate mag- 
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mtude in light of intermediate refrangibility* Newton deter* 
niined the absolute lengths of these fits for the rays of each 
simple colour, and found that they bore a remarkable numeri- 
cal relation to the lengths of the chords sounding the octave* 
To account for the two remaining laws, Newton was con- 
strained to make new suppositions, and to attribute properties 
to the fits, which are inconsistent with every physical account 
which has been given of them. Thus, to explain the dilata^- 
tion of the rings with the obliquity, he assumed that the 
length of the fits augmented with the incidettcg^ and nearlyi n 
the ratio of the square of the secant of the angle of incidence. 
This assumption is at entire variance with the physical theory. 
If the fits are produced by the vibrations of the ether which 
are propagated faster than the luminous molecules, and which 
alternately conspire with and oppose their progressive motion, 
their lengths should continue the same in the same medium, 
whatever be the incidence. 

The fourth law appears to be also irreconcileable with the 
theory. The thicknesses of the plates of different media, at 
which the same tint is exhibited, being in the inverse ratio of 
the refiractive indices, it was necessary to suppose that the 
lengths of the fits varied in the same proportion ; and since, in 
the Newtonian theory, the refractive indices are directly as 
the velocities of propagation, it would follow that, as the ve- 
locities augmented, the spaces traversed by the ray in the 
interval of its periodical states must diminish, and in the same 
proportbn. 

(125) Newton seems to have regarded this hypothesis as 
the mere expression of a physical fact, and in this light it was 
long considered. It cannot be denied that, as the thickness 
of the plate increases, the light appears by reflexion and trans- 
mission alternately ; and it is of no moment, it may be said, 
by what name these alternate states are called. But if we look 
more narrowly into the theory, we shall find that it assumes 
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the alternate appearance of the light, in the reflected and 
transmitted pencils, to be the effect of an alternate reflexion 
and transmission at a single surface, that surface being the 
second surface of the plate. Now it can be shown that this 
supposition is untrue ; that light is reflected from both surfaces 
of the plate ; and that the concurrence of these two reflected 
pencils is an essential condition of the phenomenon. 

To show this, let us employ (instead of common light) 
light which is polarized in a plane perpendicular to the plane 
of incidence ; and let it fall upon a plate of air inclosed between 
two transparent surfaces of different refractive powers. Under 
these circumstances it is found that ithe intensity of the light 
in the ringB varies with the incidence; and that the whole 
system disappears in two cases, namely, when the incidence 
corresponds to the polarizing angle of either of the media. 

To understand the conclusion to which this leads, we must 
assume a property of light which will be hereafter established 
— ^namely, that when light, thus polarized, is incident upon a 
transparent surface at what is called the polarizing angle, it is 
wholly, transmitted, and no portion of it wjiatever reflected. 
We see then, from the experiment, that the rings disappear 
when the light reflected from either of the two surfaces of the 
plate vanishes ; and we are therefore warranted in concluding, 
that the light reflected from both surfaces of the plate is essen- 
tial to their production. 

(1 26) The preceding experiment, and the conclusion drawn 
from it, lead us to the very threshold of the true theory. 

In fact, the light incident on the first surface of the 
plate is in part reflected, and in part also transmitted. The 
transmitted portion undergoes a similar subdivision at the 
second surface; and part of the light reflected at that surface 
will emerge through the first, and reach the eye along with that 
reflected there. Thus the reflected light consists of two por- 
tions, one reflected at the upper, and the other at the lower sur- 
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face of the plate ; and these two portions wiU interfere^ and 
reinforce or weaken each other's effects, according as they 
reach the eye in the same or in opposite phases. 

(127) This mode of explaining the phenomena of thin plates 
was pointed out by Hooke, in a remarkable passage in his 
Micrographia^ some years before the subject was taken up by 
Newton. In this passage he very clearly describes the manner 
in which the rings of successive orders depend on the interval 
of retardation of the second " pulse/* or wave, with respect to 
the first, and therefore on the thickness of the plate. But he 
does not seem to have had any distinct idea of the principle of 
Interference itself; and his conception of the mode in which 
the colours resulted from this "duplicated pulse" is entirely 
erroneous. Euler was the next who attempted to connect the^ 
phenomena of thin plates with the wave-theory of light ; but 
the attempt, like all the physical speculations of this great 
mathematician, was signally unsuccessful, and the subject re-' 
mained in this unsettled state, until the principle of Interfer- 
ence was discovered by Young. When this principle was 
combined with the suggestion of Hooke, the whole mystery 
vanished. The application was made by Young himself, and 
all the principal laws of the phenomena were readily and sim- 
ply explained. 

(128) Let mon be the <?ourse of a ray reflected at the first 

* 

surface of a plate; mopo'ri that of the 
ray reflected at the second surface, 
and twice transmitted through the 
first. From the point o' let fall the 
perpendicular oV upon the reflected 
ray on\ it will be also perpendicular 
to oV, and will therefore be parallel 
to the front of the two reflected waves. 
Now let us conceive a wave reflected at the first surface, in 
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the position dvy to meet at the same place an anterior ware 
reflected at the second surface, and let us calcniate the origi- 
nal interval between them. From the time that they reached 
the first surface at Oy one has travelled over the space (t/, and 
the other over the space op ^-pd. But, if we let fall the per- 
pendicular or upon pdy it is evident from the law of refraction 
that the spaces or* and dr are traversed in the same time in 
the two media ; and, consequentlj, that the interval of retar- 
dation is the time of describing op '¥pr. Now pr^op cos 2opqj 
and therefore op -^-pr « op (1 + cos 2opq) « 2op cos' opq. But 
op cos opq n pq ; and, consequently, the interval is 2pq cos opq. 
Or, if we denote that interval by 8 ; the thickness of the plate, 
pq^ by t ; and the angle opq by 0, — 

8 = 2^ cos 9. 

Thetwo waves are incomplete accordance or discordance, when 
the interval of retardation is an exact multiple of the length 
of half a wave : i. e. when 

n being any number of the natural series. Equating these 
values of 8, therefore, we have, for the values of the thickness 
of the plate which will produce a complete accordance or dis- 
cordance of the two waves, 

t = iwA sec fl. 

We learn then, Ist, that the successive thicknesses of the 
plate, for which the intensity of the reflected light is greatest 
or least, are as the numbers of the natural series ; 2ndly, that, 
for difierent species of simple light, these thicknesses are 
proportional to the lengths of the waves ; 3rdly, that, for dif- 
ferent obliquities, they vary as the secant of the angle of in- 
cidence on the exterior medium ; and, 4thly, that, for plates 
of difierent substances, they are proportional to X, and there- 
fore in the direct ratio of the velocity of propagation, or in the 
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inverse ratio of the refractive index of the substance of which 
the plate is composed. 

(129) There is one part of the preceding explanation 
irvhich demands a little fm'ther consideration. The two waves 
being in complete accordance when the interval of retarda- 
tion is an even multiple of the length of half a wave, and in 
complete discordance when that interval is an odd multiple of 
the same quantity, it would seem, from the foregoing account, 
that the bright rings should be formed at all those points for 
which n is an even number in the formula above given, (or 
the tliickness an even multiple of ^ X sec 0), and the dark 
rings at those points for which it is odd. If this were true, 
the point of contact should be a point of accordance, and the 
rings should commence from a bright centrcy instead of a dark 
one. 

This apparent discrepancy is explained by the fact, that 
the two reflexions take place under opposite circumstances, 
one of the rays being reflected at the surface of a denser^ and 
the other at that of a rarer medium. 

The effect of this difference will be best understood by a 
simple illustration. When one elastic ball strikes another at 
rest, it communicates motion to it in all cases ; but its own 
condition after the shock will depend on the relative masses 
of the two balls. If the balls be equal, the first will remain 
at rest after the shock. If they be unequal, it will move ; 
and its motion will be in the direction of its former motion, 
when its mass exceeds that of the second ball, — it will be in 
the opposite direction when it is less. This will help us to 
understand what passes when a wave reaches the surface se- 
parating two media. The particles of ether next the bound- 
ing surface communicate motion to the adjacent particles of 
the second medium, and thus give rise to the refracted wave. 
But the former particles will not remain at rest afterwards, 
unless the density and elasticity of the ether be the same in 
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the two media. When this is not the case, the particles of 
the first medium will move, after communicating motion to 
those of the second, and, in moving, give rise to the reflected 
wave. Thus refraction is always accompanied by reflexion ; 
and this reflexion is greater, the greater the difference of the 
densities of the ether in the two media. It appears also, from 
what has been said, that the direction of the motions of the 
particles of the first medium, after they communicate motion 
to those of the second, will be different, according as the 
ether is denser or rarer in the first medium. In the former 
case the vibration of the particles is in the same direction 
that it was before ; in the latter it is in the opposite direction. 
Thus there will be a reflected wave in both cases ; but in one 
case this reflected wave is caused by a vibration in the same 
direction as that of the incident wave ; in the other, by a vi- 
bration in an opposite direction. 

The result of this difference is obviously the same as if 
one of the systems of waves were to gain or lose half an un- 
dulation on the other ; so that when the two waves, reflected 
from the two surfaces of the plate, should be in complete ac- 
cordance, — as far as depended on the difference of the lengths 
of their paths, — they will actually be incomplete discordance, 
and vice versa. Thus the dark rings will be formed where 
the thickness of the plate is any even multiple of J X sec &, 
and the bright ones where that thickness is an odd multiple 
, of the same quantity; and the facts and the theory are re- 
conciled. 

(130) The principle which we have been illustrating has 
been experimentally established by M. Babinet, by an inde- 
pendent method. A pencil of rays diverging from a narrow 
aperture is separated into two, slightly inclined to one 
another, by means of the obtuse prism (85). These are al- 
lowed to fall on a thick plate of parallel glass, whose second 
surface is quicksilvered in one-half of its extent ; and in such 
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a manner as to be both reflected by the transparent portion of 
that surface, or both by the opaque portion, or one by the for- 
mer and the other by the latter. These two portions will 
interfere, and produce fringes after reflexion ; and it is foimd 
that, in the two former cases, the central band is whiter the 
two waves being in complete accordance : in the third case— - 
i. e. when one of the pencils is reflected from the rarer, and 
the other from the denser medium — the central band is a 
black one; the two waves are, therefore, in complete dis- 
cordance, and their phases differ by half an undulation. 

It follows from the preceding, that in the system of rings 
formed between two object-glasses, the central spot will be 
white y if the thin plate is of a density intermediate to those of 
the two glasses ; for it is evident that the reflexion takes place 
under the same conditions at the two surfaces — i. e. in both 
cases at the surface of a rarer, or in both at that of a denser 
medium. This anticipation of theory was verified by Young, 
by inclosing oil of sassafras between two object-glasses, one 
of which was of flint-glass, and the other of crown-glass. 

(131) We have spoken of another set of rings visible by 
transmission. These are produced by the interference of the 
rays directly transmitted through the plate with those which 
penetrate it after two interior reflexions. It follows from the 
preceding considerations that they should be complementary 
to those seen by reflexion; and this is observed to be the 
case. The extreme paleness of the transmitted rings arises 
from the great difference in the intensities of the interfering 
pencils. 

(132) The theory of thin plates, as it came from the hands 
of Young, laboured under an imperfection, which was, how- 
ever, soon removed. It is obvious that the intensities of the 
two portions of light, reflected from the upper and under sur- 
faces of the plate, can never be the same, — the light incident 

I 
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on the second surface being already weakened by partial 
reflexion at the first. These two portions, therefore, can 
never wholly destroy one another by interference, and the 
intensity of the light in the dark rings can never entirely 
vanish, as it appears to do when homogeneous light is ena- 
ployed. 

Foisson was the first to point out, and to remedy, this 
defect in the theory. It is evident, in fact, that there 
must be an infinite number of partial reflexions within the 
plate, at each of which a portion is transmitted ; and that 
it is the sum of all these portions, and not the two fiurst terms 
of the series only, which is to be considered in the calcula- 
tion of the effect. When the problem is taken up in this 
more general form, it is found that, where the effective thick- 
ness of the plate is an exact multiple of the length of half a 
wave, the intensities of the reflected and transmitted lights will 
be the same as if it were removed altogether, and the bound- 
ing media placed in absolute contact. Hence, when these 
media are of the same refractive power, the reflected light 
must vanish altogether, and the transmitted light be equal to 
the incident. 

Here then we have reached a point, with respect to which 
the two theories are completely opposed. According to both, 
a certain portion of light is reflected from the first surface 
of the plate. This portion, in the Newtonian theory, is left 
in all cases to produce its full effect, and there should there- 
fore be a considerable quantity of light in the dark rings ; 
while, in the wave-theory, it is, at certain intervals, wholly 
destroyed by the interference of the other portions, and the 
dark rings should be absolutely black in homogeneous light. 

The latter of these conclusions seems to accord with 
phenomena, while the former is obviously at variance with 
them. This is clearly shown by an experiment of Fresnel. A 
prism was laid upon a lens having its lower surface blackened, 
a portion of the base of the prism being suffered to extend be- 
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yond the lens. The light reflected from this portion, accord- 
ing to the Newtonian theory, should not surpass that of the 
dark rings in intensity. The roughest trial is sufficient to 
show that the intensities of the light in the two cases are widely 
different, and thus to prove that the dark rings cannot arise 
(as they are supposed to do in the theory of the fits) firom the 
suppression of the second reflexion. 

(133) When a pencil of light fidls upon two plates in suc- 
cession, some of the many portions into which it is divided by 
partial reflexion at the bounding sur&ces, are frequently in a 
condition to interfere, and to give rise to the phenomena of 
colour. 

Thus, when light is transmitted through ttoo parallel 
plates, slightly differing in thickness, the colour is the same 
as that produced by transmission through a single plate, 
whose thickness is the difference of their thicknesses, and is 
found to be independent of the interval of the plates. This 
phenomenon was observed by Nicholson; and it has been 
shown by Young to arise firom the interference of two pencils, 
one of which is twice reflected within the first plate, and the 
other twice reflected in the second. It is obvious, in fiust, 
that if ^ be the thickness of the first plate, and t' that of the 
second, the first pencil will have 'txaversed the thickness 
3t -¥ t' in glass, and the second the thickness 3^ 4 /, the 
spaces traversed in air being the same ; so that the interval 
of retardation is the time of describing the space 2(t- f) in 
glass. Sir David Brewster observed a similar case of inter- 
ference, produced by two plates of equal thickness slightly in- 
eUned ; the thickness traversed in the two plates being altered 
by their inclination. 

In the foregoing cases, the interfering pencils are mixed 
up with, and overpowered by, the light directly trans- 
mitted, and some contrivance is necesssary to make the 
colours visible. The phenomena are much more obvious in 

I 2 
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the light reflected from both plates, which, on account of 
their inclination, is thus separated from the direct light. It 
is obvious, in fact, that the direct image of a luminous object, 
seen through two glasses slightly inclined, will be accom- 
panied by several lateral images, formed by 2, 4, 6, &c. re- 
flexions. These images Sir David Brewster observed to be 
richly coloured ; the bands of colour being parallel to the line 
of junction of the two glasses, and their breadth being greater, 
the less the inclination of the plates. The colours in the first 
lateral image are produced by the interference of the two pencils 
ABCDEFGH, ABCdefgh, into 
which the ray is divided at the 
first surface of the second plate ; 
one of these portions being re- 
flected externally by the second 
plate, and internally by the first, 
— while the other is reflected in- 
ternally by the second, and exter- 
nally by the first. The routes of 
these portions are obviously equal 

when the plates are parallel, and differ in length only by 
reason of their inclination. 

(134) The two preceding cases of interference may be 
produced with plates of any thickness. What are termed the 
colours of thick plates^ however, are phenomena of another 
kind, and arise in circumstances wholly different. These 
phenomena were first observed by Newton. 

In Newton's experiment a beam of light is admitted 
through a small aperture, and received on a concavo-convex 
mirror with parallel surfaces, the hinder of which is silvered. 
A screen of white paper being then held at the centre of the 
mirror, having a hole in the middle to let the beam pass and 
repass, a set of broad coloured rings will be depicted on it, 
similar to the transmitted rings of thin plates. The diame- 
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ters of these rings vary inversely as the square roots of the 
thicknesses of the mirrors. 

When the mirror is inclined a little, so as to throw the 
reflected image a little to one side of the aperture, the rings are 
formed as before ; but their centre is in the middle of the line 
joining the aperture and its image. At this centre is a spot, 
which changes its appearance in a remarkable manner as the 
image recedes from the aperture, being alternately dark and 
bright in homogeneous light, and in white light assuming 
every gradation of tint in rapid succession. 



(135) These phenomena have been shown to arise from 
the interference of the two portions of light, which are irre- 
gularly scattered in the passing and repassing of the ray 
through the refracting surface. 

Thus, let O be the aperture through which the beam 
is admitted, and let it 
fall perpendicularly on 
a reflecting plate at A 
and B. A portion of 
the incident light will 
be irregularly scat- 
tered, in the passage of 
the ray O AB through 

the first surface of the plate ; and this portion will diverge 
from the point A in all directions. Let AC be one of the rays 
which compose this scattered portion : this is reflected at the 
second surface of the plate in the direction CD, and emerges 
in the direction DM. But the direct ray, AB, which is 
reflected back in BA, will again be partially scattered in 
repassing through the first surface. Let AM be one of the 
rays of this second pencil, meeting the ray DM of the first at 
the point M; and let us calculate their interval of retardation. 
The latter has traversed the space AB + BA in glass, and 
AM in air ; while the former has described the space 
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AC + CD in glass, and DM in air. The interval of retar- 
dation is therefore the time of describing AM - DM in air, 
plus the time of describing 2 ( AB - AC) in glass ; and it 
is easy to prove that the corresponding space in air is equal 
to 

by' 
a{'2.h + nay 

in which a denotes the distance, OA, of the screen from 
the plate ; b the thickness, AB ; and y the distance, OM, of 
any point on the screen from the aperture. Equating thi 

to n -, it follows that the successive bright and dark rings will 

be formed where 

. a (2b + lid) 

When a is very great in comparison with 6, as is usually the 
case, we have simply 

2 nXfia^ 



y - 



2b ' 



(136) The phenomena of the colours of thick plates have 
been reproduced by M,- Babinet under a more instructive 
form. 

The rays proceeding from a luminous point are refracted 
by a lens, and are then received upon a transparent plate 
wath parallel surfaces, interposed between the lens and its 
focus. If now this plate be slightly tarnished, or covered 
with powder, a series of concentric rings will be formed around 
the focal image. The innermost of these is white; and this is 
followed by a series of coloured rings in the order of Newton's 
scale. Their diameters increase with the distance of the plate 
from the focus, and diminish as the thickness of the plate in- 
creases. They are formed, as before, by the interference of the 
two pencils, which are scattered in passing through the two 
surfaces of the plate. 
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The phenomenon is reduced to its simplest conditions, by 
receiving the light diverging from a narrow rectilinear aper- 
ture upon two polished wires^ stretched parallel to the slit, and 
nearly in the same plane with it. If then the eye, fortified 
by a lens, be placed so that the sum of the distances of the 
aperture and of the eye from each wire is the same, a series of 
coloured fiinges will be seen, formed by the interference of 
the pencils irregularly reflected by the two wires. 

(137) When the interval between two glasses is filled 
with different substances, — such as water and air, or water and 
oil, — ^in a finely subdivided state, the portions of light which 
have traversed them are in a condition to interfere, the inter- 
val of retardation depending on the difference of the velocities 
of light in the two media. Accordingly, coloured rings will 
be seen, when a luminous object is viewed through the glasses, 
the rings being similar to those usually seen by transmission, 
but much larger. But when a dark object is behind the 
glasses, and the incident light somewhat oblique, the rings im- 
mediately change their character, and resemble those of the 
ordinary reflected system ; one of the portions, in this case, 
being reflected, and therefore suffering a loss of half an undu- 
lation. 

These phenomena were observed and explained by Young, 
and were denominated by him the colours of mixed plates. 
Young observed some similar effects in an unconfined medium. 
Thus, when the dust of the lycoperdon is mixed with water, 
the mixture exhibits a green tint by direct light, and a pui'ple 
tint when the light is indirect ; and the colours rise in the 
series, wlien the difference of the refractive densities is les- 
sened by adding salt to the water. The interval of retarda- 
tion, in this case, depends on the magnitude of the transparent 
particle. 

(138) In concluding this review of the two theories, in 
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their application to the laws of unpolarized light, it should be 
observed, that any well-imagined hypothesis may be accommo- 
dated to phenomena, and seem to explain them, if only we in- 
crease the number of its assumed principles, so as to embrace 
each new class of phenomena as it arises. In a certain sense such 
an explanation may be said to be true^ so long as it is thus 
made to represent all known facts ; but it is no longer a theory, 
whose very essence it is to ascend in simplicity, at the same 
time that it rises in generality : — it is " a mob" of hypothe- 
tical laws, without connexion, order, or dependence. 

These remarks apply to the explanation of the phenomena 
of thin plates adopted in the theory of emission. These phe- 
nomena, Newton saw, could not be accounted for on the bare 
hypothesis of molecules shot from the luminous body, and sub- 
jected to the attractive and repulsive forces of the bodies 
which they met in their progress. He was compelled to add 
a new property to light, — to endow the molecules with dis- 
positions which seemed wholly alien to their other proper- 
ties, and which could only be connected with them by as- 
suming a material mechanism much more complicated than 
was at first proposed. But this was not all. Each of the laws 
of thin plates was found to require a new property in the fits 
to which they were referred ; and none of these properties were 
in any way related to the rest, or to the mechanism on which 
they were supposed to depend. 

These imperfections of the emission-theory are still 
more glaring when we pass from one class of phenomena to 
another. The phenomena of diffraction^ for example, ai^e 
referred to principles altogether different from those which 
seemed to be required in explaining the colours of thin plates; 
and the two classes of phenomena, in this way of accounting 
for them, bore no relation of any kind to each other. 

All this is otherwise in the wave-theory. Here the 
several classes of phenomena are deduced from a common prin- 
ciple, and are, therefore, mutually related. The principle of 
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interference is a necessary consequence of the nature of a vi- 
bration ; and this one principle^ as we have seen, explains in 
the most complete manner the laws of the other phenomena. 
But it is not merely in their reference to a common origin 
that these phenomena are thus related : thej are even bound 
by the chain of number. The simple laws of interference^ — the 
laws ofdijffractian, — and those oithinplates^ — are all dependent 
upon a single constant for each kind of light, — the length of a 
wave in each medium ; and this constant being inferred from 
any one experiment, in any one class of phenomena, we can 
compute numerically the details of all the rest, and compare 
them with the results of measurement. The agreement is 
found to be complete. 
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CHAPTER VIII. 

I 
I 

POLAEIZATION OF LIGHT. 

(139) In the various phenomena which take place when 
a ray of light encounters the surface of a new medium, it has 
been supposed that the direction and intensity of the several 
portions into which it is subdivided will continue the same, 
on whatever side of the ray the surface is presented, provided 
that the angle and the plane of incidence continue unchanged. 
In other words, it was taken for granted that a ray of light had 
no relation to space^ with the exception of that dependent on 
its direction ; that, around that direction, its properties were 
on all sides alike ; and that, if the ray be made to revolve 
round that line as an axis, the resulting phenomena would be 
unaltered. 

Huygens was the first to observe that this was not always 
the case. In the course of his researches on the law of double 
refraction, he found that when a ray of solar light is received 
upon a rhomb of Iceland crystal, in any but one direction, it 
is always subdivided into two of equal intensity. But, on 
transmitting these rays through a second rhomb, he was sur- 
prised to observe that the two portions, into which each of 
them was subdivided, were no longer equally intense ; that their 
relative brightness depended on the position of the second 
rhomb with regard to the first ; and that there were two such 
positions in which one of the rays vanished altogether. 

On analyzing the phenomenon, it is found that these two 
positions are those in which the principal sections of the two 
crystals are parallel or perpendicular. When these sections are 
parallel, the ray which has undergone ordinary refraction by 
the first crystal will be also refracted ordinarily by the second ; 
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and the ray which has been extraordinarily refracted by the 
first wiU be ako extraordinarily refracted by the second. On 
the contrary, when the principal sections of the two crystals 
are perpendicular, the ray which has suffered ordinary refrac- 
tion by the first crystal will undergo extraordinary refraction 
by the second ; and the extraordinary ray of the first will be 
refracted according to the ordinary law in the second. In the 
intermediate positions of the two principal sections, each of 
the rays refracted by the first crystal will be divided into two 
by the second ; and these two pencils are in general different in 
intensity, their intensities being measured by the square of the 
cosine of the distance firom the position of greatest intensity. 

(140) From this ** wonderful phenomenon," as Huygens 
justly called it, it appears that each of the rays refracted by 
the first rhomb has acquired properties which distinguish it 
altogether from solar light. It has, in fact, acquired sides ; 
and it is evident that the phenomena of refraction depend, in 
some unknown manner, on the relation of these sides to cer- 
tain planes within the crystal. Such was the conclusion of 
Newton. " This argues," says he, " a virtue or disposition 
in those sides of the rays, which answers to, and sympathizes 
with, that virtue or disposition of the crystal, as the poles of 
two magnets answer to one another." 

Although the phenomenon discovered by Huygens was 
one of such importance, in the mind of Newton, as to force him 
to admit the existence of properties in the rays of light which, 
until then, had never been imagined, yet the result remained, 
for more than 100 years, a unique fact in science; and the 
kindred phenomena — the properties which light acquires in a 
greater or less degree in almost every modification which it 
undergoes — remained unnoticed until the beginning of the 
present century. 

(141) ^n the year 1808, while Mains was engaged in the 
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experimental researches by which he established the Huyge- 
nian law of double refraction, he happened to turn a double- 
refracting prism towards the windows of the Luxembourg 
palace, which then reflected the rays of the setting sun. On 
turning round the prism, he was astonished to find that the 
ordinary image of the window nearly disappeared in two oppo- 
site positions of the prism ;• while in two other positions, at 
right angles to the former, the extraordinary image nearly 
vanished. Struck with the analogy of this phenomenon to 
that which is observed when light is transmitted through two 
rhomboids of Iceland spar, Mains at first ascribed it to some 
property which the light had acquired in its passage through 
the atmosphere : but he soon abandoned this idea, and found 
that this new property was impressed ujpon the light by re- 
flexion at the surface of the glass. 

Pursuing the subject, he was led to the important disco- 
very, that when a ray of light is reflected from the surface of 
glass, or water, or any other transparent medium, at certain 
angles, the reflected ray acquires all the characters which 
belong to the light which has undergone double refraction. 
When received upon a rhomb of Iceland spar, or a double- 
refracting prism, one of the two pencils into which it ia divided 
vanishes in two positions of the rhomb, — ^namely, when the 
principal section of the crystal is parallel or perpendicular 
to the plane of reflexion ; while, in intermediate positions, 
these pencils vary in intensity through every possible gra- 
dation. 

A ray, then, may acquire sides or poles — may, in short, 
be polarized — by reflexion at the surface of a transparent 
medium, as well as by double refraction. The plane of po^ 
larization is the plane of reflexion at which the efiect is pro- 
duced ; and it is experimentally known by its relation to the 
principal section of adouble-refracting crystal, — ^the ray under- 
going ordinary refraction only, when the principal section is 
parallel to the plane of polarization. 
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(142) But a polarized ray possesses other characters. 
When a ray of light, proceedmg directly from a self-luminous 
body, is received upon a reflecting surface at a given angle, 
the intensity of the reflected beam will be unaltered, whether 
the surface be above or below, on the right or on the left of 
the incident beam. The case, however, is different, if, instead 
of the direct light of a self-luminous body, we submit to the 
same trial light which has been already polarized. It is then 
no longer indifferent on what side of the ray the new sur- 
face is presented. The inclination of the reflected or trans- 
mitted ray will, indeed, remain unaltered, on whatever side 
the surface be presented, but its intensity will be very dif- 
ferent ; and a ray which is rejected most intensely when the 
new surface is presented at one side, under a certain angle, 
will be wholly transmitted when it is offered to another, all 
other circumstances being identical. 

It is evident then, that the ray which has suffered reflexion 
at the first surface, in this experiment, has in consequence 
acquired properties wholly distinct from the original light. 
The latter is equally reflected in every azimuth of the plane 
of reflexion ; while, on the other hand, the intensity of the 
twice-reflected ray diminishes, as the angle between the re- 
flecting planes increases ; and it vanishes altogether, and the 
ray is wholly transmitted, when the plane of reflexion at the 
second surface is perpendicular to that at the first. These 
sides, or poles, once acquired, are retained by the ray in all 
its future course, provided it undergoes no further modifica- 
tion by reflexion or refraction ; for, whether the plates be an 
inch or a mile asunder, the phenomena are the same. 

( 1 43) A polarized ray, then, is distinguished by the follow- 
ing characters : — 

I. It is not divided into two pencils by a double-refracting 
crystal, in two positions of the principal section with respect 
to the ray ; being refracted ordinarily, when the plane of 
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polarization coincides with the principal section, and extra- 
ordinarily when it is perpendicular to it. In other cases it 
gives rise to two pencils, which vary in intensity according to 
the position of the principal section. 

II. It suffers no reflexion at the polished surface of a trans- 
parent medium, when this surface is presented to it at a cer- 
tain angle, and in a plane of incidence perpendicular to the 
plane of polarization ; while it is partially reflected^ when the 
reflecting surface is presented in other planes of incidence, or 
under different angles. 

The apparatus best fitted for the exhibition of these phe- 
nomena is that devised by M. Biot. It consists of a tube, 
furnished at its extremities with two graduated rings, which 
are capable of revolving in a plane perpendicular to its axis. 
Each of these rings carries a plate of glass set in a frame, 
and held by two projecting arms. These plates are capable 
of revolving round a transverse axis, so that their incli- 
nation to the axis of the tube may be varied at pleasure; 
and a small graduated circle, attached to one of the arms, 
measures the inclination. The whole apparatus is connected 
with a vertical pillar, by a moveable joint, so that the tube 
maybe inclined to the horizon at any angle. In this foim of 
the apparatus, it is arranged to exhibit the properties of polar- 
ized light dependent on reflexion : in order to show the other 
properties, one of the glass plates may be removed, and a 
double-refracting prism, or a plate of tourmaline, substituted 
in its place. 

(144) The angles of incidence at which light is polarized 
are called the angles of polarization. They are in general dif- 
ferent for different substances : thus the angle of polarization 
of glass is 57°, and that of water^ 53°. 

The i&onnexion between the polarizing angles and the other 
properties of substances with regard to light was discovered 
by Sir David Brewster, In the year 1811 he commenced 
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an extensive series of experiments, with the view of deter- 
mining the angles of polarization of different media, and of 
connecting them by a law. The result of these investiga- 
tions was the simple and remarkable principle, that ^Hhe index 
of refraction of the substance is the tangent of the angle of 
polarization^ Hence, when the refractive index is known, the 
angle of polarization is inferred, and vice versa; and we learn 
firom the law that this angle ranges in different substances 
from 45® upwards, increasing always with the refractive 
power. 

The refractive index being different, for the differently 
coloured rays which compose solar light, it follows that all 
the rays of the spectrum are not polarized at the same angle ; 
so that if a beam of solar light be reflected successively by 
two glass plates, whose planes of reflexion are at right angles, 
the reflected beam will never be wholly extinguished, but 
will be coloured red or Uuey according as the angle of in- 
cidence is the polarizing angle of the more, or of the less re- 
frangible rays. When the angle of incidence is the angle of 
polarization corresponding to the most luminous portion of the 
spectrum, the reflected light is of vl purplish tint, formed by 
the union of the remaining rays in different proportions. 
These effects are, of course, most observable in highly dis- 
persive substances. 

The law of Brewster may be presented in another form. 
We may say that the angle of polarization is such, that the 
reflected arid refracted rays form a right angle* In fact, if this 
angle be denoted by tt, and the corresponding angle of refrac- 
tion by /», we have 

sin TT sin TT 

tan TT = a, or = -. — ; 

cos TT sm /t> 

therefore, cos tt = sin p, and tt + p = 90*. 

Now the angle of reflexion is equal to the angle of incidence, 
TT ; consequently the angles of reflexion and refraction are 
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complementarj, and the reflected and refracted rays are per- 
pendicular. 

(145) The law of Brewster applies to the case of light 
reflected from the surface of a rarer^ as well as that of a 
denser, medium ; and it follows from it, that the two angles of 
polarization^ at the bounding surface of the same two media, 
are complementary. For the index of refraction, from the 
denser into the rarer medium, is the reciprocal of the index 
when the light proceeds in the contrary direction; conse- 
quently, the tangents of the angles of polarization are recipro- 
cals, and the angles themselves complementary. 

It follows from this, that when a beam of light falls upon 
a medium bounded by parallel planes, and at the polariz- 
ing angle of the first surface, the portion which enters the 
medium will meet the second surface also at its polarizing 
angle, and be completely polarized by reflexion there. For 
the ray being incident upon the first surface at the polarizing 
angle, the angle of refraction will be the complement of the 
angle of incidence, and will be therefore equal to the angle of 
polarization at the second surface. But the surfaces being 
parallel, the angle of refraction at the first surface is equal to 
the angle of incidence at the second ; the ray will therefore 
fall upon the second surface at its polarizing angle. 

From the same principles it follows, that if several plates 
of glass, or of any transparent substance, be arranged parallel 
to one another, and a ray of light be incident upon the first 
surface at the polarizing angle, the several portions which 
reach the succeeding surfaces will meet them also at their 
polarizing angles, and the portions reflected at each will be 
completely polarized. Such a pile of plates is highly useful 
as a polarizer ; for the reflected beam is necessarily far more 
intense than that produced by a single surface. 

(146) It has been shown, that when a beam of light ie^ 
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polarized by reflexion, is suffered to fall upon a second reflect- 
ing sur&ce at the polarizing angle, the intensity of the twice- 
reflected beam will vary with the inclination of the planes of 
reflexion, being greatest when these planes are coincident, and 
Tanishing when they are perpendicular. In all cases, the in- 
tensity varies as the square of the cosine of the angle Jbrmed 
by the two planes of reflexion. This law was at first conjec- 
turally assumed by Mains; its truth has since been rerified by 
the experiments of Arago. 

It follows, as a consequence of this law, that a ray of com- 
mon light may be conceived to be composed of two polarized 
rays of equal intensity, whose planes of polarization are per- 
pendicular.* For if light, thus composed, is incident on a 
reflecting surface, and if a, and 90^ - a, denote the angles 
which the plane of reflexion makes with the planes of polari- 
zation of the two pencils, the intensity of the reflected light in 
one of these rays will be I cos' a, and in the other I sin' a, I 
denoting the intensity of each of the incident pencils ; and the 
sum of these, or the total intensity of the reflected light, is 

I (cos' a + sin' a) = I. 

The intensity is therefore constant, and independent of the 
position of the plane of reflexion with respect to the ray ; and 
this, we have seen, is the distinctive character of common, or 
unpolarized light. 



* This is not to be understood as describing the actual physical cha- 
racter of ordinary, or nnpolarised light. This may be more correctly re- 
presented as polarized light, whose plane of polarization is incessantly 
changing ; so that, in a giren time, there are as many polarized rays in any 
one plane as in any other at right angles to it. This agreement has been 
verified experimentally by Professor Doye, by impressing mechanically a 
rapid motion of rotation upon the plane of polarization of the light ; the phe- 
nomena presented by the resulting light agreeing in all respects with ordi- 
nary or unpolarized light. When analyzed by a double refracting prism, 
the two images were of equal intensities in all azimuths, so as to have 
rimilar properties in all planes passing through the ray. 

K 
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(147) We now proceed to consider the eflfects which take 
place, when the light is incident upon the reflecting surface 
at an angle different from the polarizing angle. 

Malus observed, that when the angle of incidence was 
either greater or less than the polarizing angle, the proper- 
ties already described were only in part developed in the re- 
flected light ; that neither of the two pencils into which it 
was divided by a rhomb of Iceland spar ever wholly vanished; 
but that they varied in intensity between certain limits, these 
limits being closer the more remote the incidence from the 
polarizing angle. From this he naturally concluded that, in 
these circumstances, a portion only of the reflected light had 
received the modification to which he had given the name of 
polarization, that portion increasing as the incidence ap- 
proached the polarizing angle ; and that the remaining portion 
was unmodified, or in the state of common light. Partially 
polarized light, then, according to Malus, is composed of two 
portions, one of which is wholly polarized, while the other is 
in the state of ordinary or unpolarized light. In this supposi- 
tion Malus has been followed by most subsequent philosophers. 

If this partially polarized light be reflected at a second 
surface in the same plane, and at the same angle, the reflected 
pencil is found to contain a greater portion of polarized light; 
and by increasing the number of successive reflexions, the light 
may become, as to sense at least, wholly polarized. This fact 
was first observed by Sir David Brewster ; and it was found 
that light may be polarized at any incidence, by a sufficient 
number of reflexions, the number of reflexions necessary to 
produce this result increasing as the incidence is more re- 
moved from the polarizing angle. 

(148) It remains to describe the modification which light 
undergoes in refraction. 

When common light is suffered to fall upon a plate of 
glass, a portion of it in all cases enters the plate, and is re- 
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fracted; and this refiacted pardon is fbnnd to he pariiaify 
polarized. The qnanti^ of polaiixed light in the refiacted 
light increases with iJie incidence, bring nodiing at a perpen- 
dicular incidence, and greatest when the incidence is most 
obliqae. The plane of polarisation is not (as in the case of 
reflected light) coinddent widi the plane of inddence, but 
perpendicular to it. 

The connexion between the li^t thus polarized, and that 
polarized by reflexion, is veiy intimate, the two portions being 
always of eqnal intenaty. This remarkable law was dis- 
covered by Anigo, and may be thus enunciated — ** When 
an unpolarized ray is partly reflected at, and pardy trang^ 
nutted through^ a transparent siaface^ the reflected and trans^ 
mitted portions contain equal quanHties of polarized l^ht ; and 
their planes of polarization are at right angles to each other J* 

(149) If the transmitted light be reoeiyed upon a second 
plate parallel to the first, the portion of common light which 
it contains undergoes a new subdivision ; and so continually, 
whatever be the number of plates. Hence, when that num- 
ber is sufficiently great, the transmitted light will be, as to 
sense, compleiely polarized^ the plane of polarization being per- 
pendicular to the plane of inddence. These &cts were dis- 
covered by Mains. The laws of the phenomena have been 
since investigated, in much detail, by Sir David Brewster; 
and he has drawn the conclnson, that when a ray of light is 
transmitted through any number of plates, in the same plane 
of incidence, the polarization will be complete, when the sum 
of the tangents of the angles of inddence is equal to a certain 
constant. Hence, when the plates are parallel, and the ind- 
dence therefore the same on all, the tangent of the angle of 
complete polarization is inversely as their number. 

It is a remarkable consequence of these prindples, that 
when a ray is indd^it upon a pile of parallel plates at the 
polarizing angle, after passing a certain number the intensity 

k2 
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of the transmitted light will undergo no further diminution. 
For, when the transmitted light becomes wholly polarized, 
no portion of it whatever will be reflected by any of the suc- 
ceeding plates, its plane of polarization being perpendicular 
to the plane of incidence ; it is therefore transmitted without 
diminution through them, whatever be their number. The 
case is different, however, when the light is incident on the 
pile at any other than the polarizing angle ; and it follows 
therefore that the intensity of the light transmitted through 
a thick pile is greatest, when it is incident at the polarizing 
angle. 

(150) There are certain crystals which, like the pile of 
transparent plates, possess the property of polarizing the trans- 
mitted light. This property depends upon a peculiarity in the 
absorbing powers of double-refracting crystals, — namely, that 
the absorption of a polarized ray varies with the position of its 
plane of polarization with respect to the crystal. Thus, tour- 
maline absorbs a polarized ray more rapidly when the plane 
of polarization is parallel to the axis, than when it is perpendi- 
cular to it. But a ray of common light falling upon this crys- 
tal may be divided into two, one polarized in a plane passing 
through the axis, and the other in a plane perpendicular to it ; 
and as the former of these is absorbed more rapidly than the 
latter, the transmitted light will be partially polarized in the 
plane perpendictdar to the axis of the crystal. When the plate 
is sufliciently thick, the latter portion alone will be sensible, 
and the ray emerges wholly polarized in the perpendicular 
plane. 

The tourmaline, accordingly, is of much use in experi- 
ments on polarized light, not only in affording a ready test of 
polarization, but also in producing a polar&ed beam. It has 
the disadvantages, however, that the polarization of the emer- 
gent light is never perfect, and that its intensity is much 
weakened by absorption — both the rays being absorbed in 
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their passage through the crystal, though with unequal ener- 
gies. 

The polarization produced by double refraction is the most 
complete of any ; while the intensity of the polarized pencils is 
greater than in any other case> being very nearly one-half oi 
the intensity of the original light* The intensity of the light 
reflected from a plate of glass, at the polarizing angle, is not 
more than the ^^^th part of that of the incident light. 

(151) M. Haidinger has observed a remarkable pheno- 
menon of polarized light, by which it may be recognised by 
the naked eye, and its plane of polarization ascertained. This 
phenomenon consists in the appearance of two brushes^ of a 
pale orange-yellow colour, the axis of which coincides always 
with the trace of the plane of polarization ; these are accom- 
panied, on either side, by two patches of light, of a comple- 
mentary or violet tint. In order to see them, the plane of po- 
larization of the light must be turned quickly from one position 
to another, so as to shift the position of the brushes. Thus, 
they may be observed by looking for a few moments at one of 
the images of a circular aperture, formed by a rhomb of Ice- 
land spar, and then at the other, and so alternately. They 
gradually disappear when the eye continues directed to them 
in the same position ; but they may be made to reappear by 
shifting that position, or the plane of polarization on which it 
depends. 

The most probable explanation of this phenomenon seems 
to be that given by M. Jamin, in which it is ascribed to the 
refracting coats of the eye. When polarized light falls upon 
a pile of parallel plates, the proportion of the refracted to the 
incident light varies with the plane of polarization, being a 
minimum when fhat plane coincides with the plane of inci- 
dence, and a maximum when it is perpendicular to it. These 
variations are nothing at a perpendicular incidence : they are 
greatest when the augle of incidence is equal to the angle 
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of polarization. Accordingly^ when the polarized light is 
incident obliquely on the plates, the refracted light should 
exhibit two dark brushes^ enlarging from the centre to the 
circumference, in the plane of polarization; and two bright 
brushes in the perpendicular plane. 

In the preceding explanation, the incident light is supposed 
to be homogeneous. When white light is used, the intensities 
of its several components, in the refracted pencil, will vary 
with the refractive indices, and consequently the brushes will 
be coloured. M. Jamin has shown that the effect of a single 
refracting surface will be to produce two yellow brushes, whose 
axis is in the plane of polarization. 
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CHAPTER IX. 

TRANSVERSAL VIBRATIONS — THEORY OF REFLEXION AND RE- 
FRACTION OF POLARIZED LIGHT. 

(152) Having in the preceding chapter stated the prin- 
cipal facts of polarization, we may proceed to consider their 
connexion with the physical theory. 

It is strange that the department of optics, in which the 
wave-theory now stands unrivalled, should be the very one 
which Newton selected as affording the most decisive evidence 
against it : — " Are not," says he, " all hypotheses erroneous, 
in which light is supposed to consist in pressure, or motion, 
propagated through a fluid medium? .... for pressures 
or motions, propagated from a shining body through an uni- 
form medium, must be on all sides alike ; whereas it appears 
that the rays of light have different properties in their diffe- 
rent sides." In this objection Newton seems to have had his 
thoughts fixed upon that species of undulatory propagation, 
whose laws he himself had so sagaciously unfolded. When 
sourtd is propagated through air^ the vibrations of the particles 
of the air are performed in the same du'ection in which the 
wave advances ; and if the vibrations of the ether which con- 
stitute light had been of the same kind, the objection would 
be insuperable. For, if the particles of the ether vibrated 
in the direction of the ray itself, the ray could not bear a 
different relation to the different parts of the surrounding 
space. 

But the casQ is altered, if the vibrations of the ethereal 
particles be performed in a transverse direction. Let us sup- 
pose the direction of the vibrations to be perpendicular to 
that of the ray : then it is obvious that if that direction be 
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vertical^ for example, while the ray advances korizontatty^ 
the ray will bear a relation to the parts of space above and 
below^ different from that which it bears to those parts which 
are on the right hand and on the left. Such is, in fact, the 
mode of vibration which is now assumed to belong to the 
ether, in the wave-theory, the ethereal molecules being 
supposed to vibrate in the plane of the wave; and we shall find 
that, with the help of this assumption, all the complicated 
phenomena of polarization and double refraction are explained 
in the fullest and most complete manner. 

The principle of transversal vibrations j as it is called, seems 
to have first occurred to Hooke, and was announced, in 1672, 
in his Micrographia, Young and Fresnel arrived at the same 
principle independently ; and the latter has reared upon its 
basis the noblest fabric which has ever adorned the domain 
of physical science, — Newton's system of the universe alone 
excepted. 

(153) In order to conceive the manner in which an un- 
dulation may be propagated by transversal vibrations, let us 
imagine a cord stretched in a horizontal position, one end being 
attached to a fixed point, and the other held in the hand. If 
the latter extremity be made to vibrate, by moving the hand 
up and down, each particle of the cord will, in succession, be 
thrown into a similar state of vibration; and a series of waves 
will be propagated along it with a uniform velocity. The vi- 
brations of each succeeding particle of the cord, being similar 
to that of the first, will all be performed in the same plane, 
and the whole will represent the state of the ethereal particles 
in a polarized ray. 

Now if, after a certain number of vibrations in the verti- 
cal plane, the extremity of the cord be made to vibrate in 
another plane, and then in another, — and so on, in rapid 
succession, — each particle of the cord will, afler a time pro- 
portional to its distance from the extremity, assume in sue- 
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cession all these varied vibrations ; and the whole cord, in- 
stead of taking the form of a curve lying all in one plane (as 
in the last case), will be thrown into a species oi helical curve, 
depending on the nature of the original disturbance. Such 
is the condition of the ethereal particles in a ray of common, 
or unpolarized light. 

When, therefore, we admit a connexion to subsist among 
the particles of the ether, such as that which holds among 
the particles of the cord, there is no diflSiculty in conceiving 
how a vibration may be propagated in a direction perpendi- 
cular to that in which it is executed. It is true, the particles 
of the ether are not chained together by cohesive forces, like 
those of the cord; but the attractive forces which subsist 
among them are of the same kind, and may be shown to pro- 
duce a similar effect. In fact, let us conceive the ether to 
be composed of separate molecules, which act on one another 
according to some law varying with the distance. When any 
row or line of such molecules is similarly displaced, through a 
space which is small compared with the separating intervals, 
the molecules of the succeeding row will be moved in the 
same direction by the forces developed with the change of 
distance ; so that the vibrations of the particles composing 
the first row will be communicated to those of the second, and 
thus the vibratory motion will be propagated in ^ direction 
perpendicular to that in which it takes place. The rapidity 
of the propagation will depend on the magnitude of the force 
developed by the displacement. 

To account for the fact, that there are no sensible vibra- 
tions in a direction normal to the wave, we have only to supr 
pose the repulsive force between the molecules to be very 
great, or the resistance to compression very considerable. 
For, in this case, the force which resists the approach of two 
strata of the fluid is much greater than that which opposes 
their sliding on one another. 
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(154) But the existence of transversal vibrations— and of 
transversal vibrations only — is a necessary consequence of the 
laws of interference of polarized light, if the theory of waves 
be admitted at alL It has been experimentally proved, by 
Fresnel and Arago, that two rays oppositely polarized com- 
pound a single ray whose intensity is constant^ whatever be 
the phases of vibration in which they meet. But theory shows, 
that the intensity of the light resulting from the imion of two 
rays oppositely polarized will be constant, and independent 
of the phase, only when the vibrations normal to the wave are 
evanescent. 

This conclusion is easily extended to the case of common, 
or unpolarized light. In unpolarized light, therefore, as in 
polarized, the vibrations are only in the plane of the wave : 
but in the latter, these vibrations are all parallel to a Jixed 
line ; while in the former they take place in every possible 
direction in the plane of the wave. The phenomenon of po- 
larization consists simply in the resolution of these vibrations 
into two sets, in two rectangular directions, and the subse- 
quent separation of the two systems of waves thus produced. 
When the resolved vibrations are not separated, but one of 
them is diminished in any ratio, the light is said to be partially 
polarized. 

(155) We have stated that the vibrations of the molecules 
of the ether, in a polarized ray, are all parallel to a fixed di- 
rection in the plane of the wave : this fixed direction may 
be either parallel or perpendicular to the plane of polariza- 
tion ; and there was nothing in the phenomena, hitherto dis- 
covered, to determine the choice between these two portions. 
Hence, contrary suppositions have been made respecting it. 
In the theories of Fresnel and of Cauchy, the vibrations are 
assumed to be /?^rpc»flf2CwZar to the plane of polarization^ — in 
those of Mac CuUagh and Neumann, to heparallel to it ; and 
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this difference in one of the postulates of the different theories 
has necessarily led to others, especially as respects the relative 
densities of the ether in different media. 

Professor Stokes has recently arrived at a result, in the 
dynamical theory of diffraction, which seems- to afford the 
means of deciding between these hypotheses. When a polar- 
ized ray is difiracted, the plaile of vibration of the diffracted 
ray should differ from that of the incident, the positions of 
the two planes being counected by a very simple relation. 
This relation may be deduced in the following elementary 
maimer. 

When a polarized ray is incident perpendicularly upon a 
fine grating, the direction of its vibrations is (by the principle 
of transversal vibrations) in the plane of the grating, when 
the wave reaches it. Let a denote the angle formed by that 
direction with the lines of the grating: then, if the ampli- 
tude of the incident vibration be taken equal to unity, it may 
be resolved into two, — namely, cos a, parallel to the lines of the 
grating, which will be unaltered by diffraction ; and sin a, 
perpendicular to them. The second component is to be re- 
solved again, in the direction of the diffracted ray, and per- 
pendicular to it, respectively ; and of these the latter portion 
alone is propagated as light. Its value is sin a cos 0, being 
the angle which the diffracted ray makes with the incident. 
Hence the two components of the diffracted ray are 

cos a, and sin a cos ; 

and their ratio is equal to the tangent of the angle which the 

direction of the vibration in the diffracted ray makes with the 

lines of the grating. Denoting this angle by o', we have 

therefore, 

tan a = tan a cos 0. 

Accordingly, the angle which the direction of the vibration 
makes with the lines of the grating is less in the diffracted 
than in the incident ray. 
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It would appear, therefore, that we had only to measure the 
angles which the planes of polarization of the incident and dif- 
fracted rays make, respectively, with the lines of the grating. 
If the latter is less than the former, the vibrations Rve parallel 
to the plane of polarization ; if it be greater y they are per^ 
pendicular to it. The experiment has been made by Professor 
Stokes himself; and he has drawn the conclusion that the 
latter is the fact, and, therefore, that the original hypothesis 
of Fresnel is the true one. An opposite result has been since 
obtained by M. Holtzmann, on repeating the same experiment 
under somewhat different circumstances ; and the quegtion 
must therefore be regarded as still undetermined.* 

(156) We now proceed to consider the application of the 
principle of transversal vibrations to the problem of reflexion 
and refraction. 

The direction of the light reflected and refracted at the 
surface of a uniform medium, is a simple consequence of the 
theory of waves ; and we have already explained Huygens* 
demonstration of the laws which govern this direction — a 
demonstration which holds good, whatever be the magnitude 
and direction of the propagated vibration, or, in other words, 
whatever be the intensity and plane of polarization of the 
light. The problem which we have now to consider is that 
which proposes to determine the latter quantities, or to deduce 
the intensities and .planes of polarization of the reflected and 
refracted pencils, those of the incident pencil being given. 

This important problem was first solved by Fresnel. In 
the attempt to generalize his theory, and to apply it to reflex- 
ion and refraction at the surfaces of crystallized media, Pro^ 
fessor MacCuUagh and Mr. Neumann were led to modify the 



* In retaining, therefore, the demonstration of the laws of reflexion and 
refraction of polarized light, which was adopted in the former edition of this 
work, the author does not wish to be considered as giving a preference to the 
principles upon which it depends. 
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principles of Fresnel. The principles, so modified, are the fol- 
lowing : — 

I. The vibrations of polarized light are parallel to the 
plane of polarization. 

II. The density of the ether is the same in all bodies as 
in vacuo. 

III. The vis viva is preserved ; from which it follows that 
the masses of ether put in motion, multiplied by the squares 
of the amplitudes of vibration, are the same before and after 
reflexion. 

IV. The resultant of the vibrations is the same in the two 
media ; and, therefore, in singly-refracting media, the refracted 
vibration is the resultant of the incident and reflected vibra- 
tions. 

When the light is polarized in the plane of incidence^ the 
fourth principle, alone, is sufficient to determine the magni- 
tudes of the reflected and refracted vibrations. For, the di- 
rections of the vibrations, being in the plane of incidence and 
perpendicular to the rays, are necessarily inclined to one 
another at the same angles as the rays themselves ; these 
angles therefore are 

9 and V denoting the angles of incidence and refraction. 
Hence, if v and v denote the amplitudes of the reflected and 
refracted vibrations, that of the incident vibration being taken 
as unity, we have 

sin {O-ff) , sin 20 



sin (0 + ffy sin {0 -^ ff) ' 

"When the light is polarized perpendicularly to the plane of 

incidence^ the vibrations in the incident, reflected, and refracted 

pencils are all parallel. The law of equivalent vibrations 

therefore gives, in this case, the following simple relation 

among them, 

I + to ^ w I 
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and another relation is required, in order to deduce the yalues 
of w and w'. This second relation is furnished by the principle 
of the via mvoy and is 

w (1 - w^) = m'w'\ 

m and m' denoting the masses of the ether in motion in the 
two media. Eliminating between these equations, we find 



to 



m -V m 



t9 



, ' 2m 
w = ■• 



7 9 



expressions which are remarkable as being identical with those 
for the velocities of two elastic balls after impact. 

Let B A, AC represent the ve- 
locities and directions of the inci- 
dent and refracted rays ; A A' the 
separating surface of the two me- 
dia; and BB'9 CC'9 lines parallel 
to that surface. Then the masses 
of ether in motion in the two me- 
dia are to one another as the pa- 
rallelograms AB, A'C ; that is, 

m : m' : : AB sin AAB : AC sin A' AC 
: : sin cos : sin ff cos 0" : : sin 20 : sin 20'. 

Subtituting this ratio, therefore, in the expressions for w and 
w\ given above, 

tan ((9-0') , sin 20 




w- 



w = 



tan(0 + 0')' " 8in(0+0')cos(0-0'y 

The intensity of the light is measured by the vis viva^ or 
by the mass of the ether put in motion, multiplied by the 
square of the amplitude of the vibration. Hence, for light 
polarized in the plane of incidence, the intensities of the inci^ 
dent, reflected, and refracted rays will be w, wii?*, and mV*, 
respectively ; — or, if we take the intensity of the incident light 
as unity, 1, 1;% and 1 -i?'* ; since, by the law of the vis viva, 
m ( 1 - V*) = mv^. Similarly, for light polarized in the perpendi- 
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cular plane, the intensities in the three pencils are 1, to^, and 

(157) Confining our attention for the present to the re- 
flected vibration, it will be seen that its amplitude, and con- 
sequently the intensity of the light, increases with the inci- 
dence, whether the light be polarized in the plane of incidence, 
or in the perpendicular plane, — being least when the light is 
incident perpendicularly, and greatest when it is most oblique. 

In the former case, i. e. when = 0, the values of v and w 

are each equal to - — - , jj, being the refractive index ; and the 
intensity of the light reflected perpendicularly is 

-1 



ffizl 

U+1 



+ 1 

This remarkable expression was first given by Young. 

On the other hand, when = 90°, or when the ray grazes 
the surface, the intensity of the reflected light is equal to that 
of the incident ; or the whole of the light is reflected, what- 
ever be the reflecting substance. 

(158) We have seen that a ray of common light is equiva- 
lent to two polarized rays of equal intensity, whose planes of 
polarization are at right angles. Now, let such a ray, whose 
intensity = 1, be incident upon the surface of a transparent 
medium ; and let it be resolved into two, each equal to J, po- 
larized respectively in the plane of incidence, and in the per- 
pendicular plane. Each of these polarized rays will give rise 
to a reflected and refiracted ray ; so that the actual reflected 
and refracted rays will consist of two portions, one polarized 
in the plane of incidence, and the other in the perpendicular 
plane. J£ these portions were of equal intensity, as they are in 
the incident light, the reflected and refracted rays would be mw- 
polarized : but this, in general, is not the case. 
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In the case of the reflected beam, — ^the intensities of the 
two portions are 

and the whole intensity of the reflected light is their sum. 
Now the first thing to be observed is, that these two quan- 
tities are unequal; or, that the two portions of which the re- 
flected light consists, and which are polarized in opposite 
planes, are different in intensity. Hence the reflected light 
will not be of the nature of common, or unpolarized light ; 
but will have an excess of light polarized in the plane of inci- 
dence^ the former expression being always greater than the 
latter. This is otherwise expressed by saying, that the light 
is partially polarized in the plane of incidence. The quantity of 
polarized light is measured by the difference of the two por- 
tions, or by 

Again, the intensities of the two refracted portions are 

As the latter of these quantities is greater than the former, 
the refracted beam always contains an excess of light polarized 
perpendicularly to the plane of incidence. Their difference, 
i (i?» - M?2^ is the same as in the former case ; and accordingly, 
the reflected and refracted pencils contain equal qtiantities of 
oppositely polarized light. Thus, the experimental law of 
Arago is a necessary consequence of theory. 

(159) The reflected light will be completely polarized^ 
when one of the portions of which it consists vanishes ; for, 
in this case, the whole of the reflected light will be polarized 
in a single plane. It is easy to see that the first portion, which 
is polarized in the plane of incidence, can never vanish. The 
second part vanishes, when 6 + d' = 90°, the denominator of the 
fraction becoming infinite ; the reflected light then contains 
only the other portion, and is therefore completely polarized in 
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the plane of incidence. Since, in this case, + 9" =90^, we 
have 

cos = sin 8*= , and tan0 = u; 

A* 

i. e. the tangent of the angle of polarization is equal to the re- 
fractive index. Thus the beautifal law, which Brewster had 
inferred from observation, is deduced as an easy consequence 
of Fresnel's theory. 

When 9 + 0' is greater than 90°, — i. e. when the angle 
of incidence exceeds the polarizing angle, — the expression for 
, the amplitude of the reflected, «?, vibration changes sign^ the 
light being polarized perpendicularly to the plane of incidence. 
This change of sign is equivalent to an alteration of the phase 
of the reflected vibration by 180°, as the incidence passes 
the polarizing angle ; and the circumstance explains the re- 
markably fact noticed by Arago, — namely, that when New- 
ton's rings are formed between a lens of glass and a metallic 
reflector (the incident light being polarized perpendicularly to 
the plane of reflexion), the rings change their character as the 
incidence passes the polarizing angle of the glass, the black 
centre being transformed into a white one, and the whole sys- 
tem of colours becoming complementary to what it was before. 
Mr. Airy was led to anticipate this result, from a consider- 
ation of the formula ; and to show that a similar change must 
take place in the rings formed between two transparent sub- 
stances of difierent refractive powers, as the incidence passes 
the polarizing angle of either substance. 

(160) When a polarized ray undergoes reflexion, the re- 
flected light is still polarized, but its plane of polarisation is 
changed, the amount of the change depending on the inci- 
dence. When the angle of incidence is nothing, or the ray 
perpendicular to the reflecting surface, the new plane of 
polarization is inclined to the plane of incidence by the same 
angle as the old, but on the opposite side. As the angle of in- 

I. 
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cidence increases, the plane of polarization of the reflected raj 
approaches the plane of incidence, and finally coincides with it, 
when the incidence reaches the polarizing angle. As the angle 
of incidence still further increases, the plane of polarization of 
the reflected ray crosses the plane of incidence, and therefore 
lies on the same side of it with tbe original plane ; and the 
two planes of polarization y!na% coincide, when the angle of 
incidence is 90°. 

The azimuth of the plane of polarization of the reflected 
ray may be deduced from the theory we have been consider^ 
ing. For, let the vibration of the incident ray, a, be resolved 
into two, one in the plane of incidence, and the other in the 
perpendicular plane. If a denote the angle which it makes with 
the plane of incidence, these resolved portions are a cos a, 
and a sin a. After reflexion they become,* respectively, 

sin (0-0') . tan(fl-0') 

- a cos a -r-75— ~, a sm a - — ;^ ' ; 
Bm[0+ff) tan (0 + 0) 

and they compound a single vibration, inclined to the plane 
of incidence at an angle whose tangent is the ratio of the com- 
ponent vibrations. If, then, this angle be denoted by a', we 
have 

^ , ^ 008(0+0') 

tan a = - tan a —a — 7577. 

cos(0- 0) 

The truth of this formula has been verified by the obser- 
vations of Fresnel himself, and more fully since by those of 
Arago and Brewster. 

* In order to explain the facts above mentioned, the values of t; and w 
(156) must be affected -with opposite signs, at all incidences below the po- 
larizing angle; and there are other phenomena which indicate that the for- 
mer quantity is negative, and the latter positive (see Professor Powell's pa- 
per " On the Demonstration of Fresnel's Formulas," Phil Mag,, Aug. 1856), 
This is equivalent to saying, that one of the waves gains, or loses, half an 
undulation in the act of reflexion. We shall see hereafter that the complete 
theory of reflexion includes a progressive change of phase ; and that the con- 
clnsions of Art. (156) are only approximate. 
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When a = 0, a = ; and when a = 90°, a « 90**. Accord- 
inglj, when the plane of polarization of the incident ray coin- 
cides with, or is perpendicular to, the plane of incidence, it is 
unchanged by reflexion. When + 6* = 90®, a = 0, and the 
plane of polarization of the reflected ray coincides with the 
plane of incidence, whatever be the azimuth of the incident 
ray. 

(161) The plane of polarization of a polarized ray is 
changed by refraction^ as well as reflexion, but in an opposite 
direction, the plane being removed farther from the plane of 
incidence, instead of approaching it. This movement of the 
plane of polarization increases with the incidence ; being no- 
thing when the ray falls perpendicularly upon the refracting 
surface, and greatest when the incidence is most oblique. 
The law of the change is expressed by the simple formula, 

cotan d - cotan a cos (0-&)\ 

in which a and a denote (as before) the angles which the 
planes of polarization form with the plane of incidence, before 
and after refraction. This law was discovered experimentally 
by Sir David Brewster : it is a necessary consequence of the 
theory already given, and is deduced by a process exactly 
similar to that of the preceding article. 
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CHAPTER X. 

ELLIPTIC POLARIZATION. 

(162) Whbn an ethereal molecule is displaced from its 
position of equilibrium, the forces of the neighbouring mole- 
cules are no longer balanced, and their resultant tends to drive 
the particle back to its position of rest.* The displacement 
being supposed to be very small, in comparison with the in- 
tervals between the molecules, the force thus excited will be 
proportional to the displacement; and from this it follows, 
according to known mechanical principles, that the trajectory 
described by the molecule will be an ellipse, whose centre 
coincides with the position of equilibrium. Hence the vibra- 
tion of the ethereal molecules is, in general, elliptic^ and the 
nature of the light depends on the direction and relative mag- 
nitude of the axes* By the principle of transversal vibrations, 
these elliptic vibrations are all in the plane of the voave ; their 
axes, however, may either preserve constantly the same direc- 
tion in that plane, or they may be continually shifting. In the 
former case, the light is said to be polarized ; in the latter, it 
is unpolarized, or common light. 

The relative magnitude of the axes of the ellipse deter- 
mines the nature of the polarization. When the axes are 
equaly the ellipse becomes a circlcy and the light is s^dd to be 
circularly polarized. On the other hand, when the lesser axis 
vanishes, the ellipse becomes a right line^ and the light is 
plane-polarized — ^the vibrations being in this case confined 
to a single plane passing through the direction of the ray. 



• This ^8 not strictly true, except in homogeneous or uncrystallized 
media. 
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In intemiediate cmcb^ die pohmTatifwi is called dUptiad ; and 
its chairaicter may ymry indefinitely between the two extremes 
of plane poIarizaticMi and ciicalar pdaiiiaiticm. 

(163) An dKpdc iribntifln may be r^arded as the re- 
sultant of two r eeHUn ear TibationSy at li^t angles to one 
another, which difl^ in phase. 

For, let X and jr denote the distances of the molecule of 
the ether fiom its pooticm of rest, in the two rectangular di- 
rections ; a and h the ampHtndes of the component vibra- 
tions ; and / the time. Hien 

jr = adn(ol-a), jf=ftsn(rl-/3); 
whence 

Taking the cosines of both odes, and clearing the result of 
radicals, we obtaun 

g +|-2oo8(«-^)2.=8m*(.-^)- 

This is the equation of an dUqse referred to its centre. 

When the compcment vibnitions are equal in amplitade, 
and differ W in phase, 

a = hj and a-^ = 90^; 
and the preceding equation beccHnes 

The path described by the molecule is thai a circle. 

(164) The nature of the elliptic polarization is completely 
defined, when we know the Section ofAe axes of the ellipse, 
and the ratio of their lengths. 

These may be determined experimentally. In &ct, when 
the elliptically-polarized ray is transmitted through a double- 
refracting prism, whose principal section is parallel to one 
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of the axes of the ellipse, it is resolved into two plane-po- 
larized rays, one of which has the greatett possible intensity, 
and the other the least. Accordingly, the direction of the 
principal section, for which the two pencils are most unequal, 
is the direction of one of the axes ; and the square roots of the 
intensities are in the ratio of their lengths. 

The direction of the axes of the ellipse may be more con- 
veniently determined by turning the prism until the two 
pencils are of equal intensity : the principal section is then 
inclined at an angle of 45^ to each of the axes. 

(165) When a plane-polarized ray undergoes reflexion, 
the reflected light is, generally, ellipticall^polarized. For a 
plane-polarized ray may be resolved into two, polarized re- 
spectively in the plane of incidence, and in the perpendicuUr 
plane ; and we shall presently see that the eflect of reflexion is, 
in general, to alter the phases of these two portions, and by 
a different amount. Hence the reflected light is compounded 
of two plane-polarized rays, whose vibrations are at right 
angles, and whose phases are no longer coincident; it is there- 
fore elliptically polarized (163). 

The first case in which this effect was observed was that of 
total reflexion. 

When the angle of incidence exceeds the angle of total re- 
flexion (the light passing from the denser into the rarer me- 
dium), the expressions for the intensity of the reflected light, 
given in (156), become imaginary. But it is obvious that, in 
this case, the intensity of the reflected light is simply equal to 
that of the incident, there being no refracted pencil. How, 
then, are the imaginary expressions to be interpreted ? They 
signify, according to Fresnel, that ihi^ periods of vibration of 
the incident and reflected waves, which had been assumed to 
coincide at the reflecting surface, no longer coincide there 
when the reflexion is total ; or, in other words, that the ray 
undergoes a change of phase at the moment of reflexion. The 
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amount of this change has been deduced by Fresnel, by a 
most ingenious train of reasoning, based upon the interpreta* 
tion of imaginary formulae. It varies with the incidence ; and 
is difierent for light polarized in the plane of incidence, and 
in the perpendicular plane. 

In the case of light polarized in any azimuth, we have only 
to conceive the incident vibration resolved into two, one in the 
plane of incidence, and the other in the perpendicular plane. 
The phases of these vibrations being differently altered by 
reflexion, the reflected vibration will be the resultant of two 
vibrations at right angles to one another, and differing in 
phase, — the amount of the difference depending upon the 
angle of incidence: this vibration, consequently, will heeUip- 
tic^ and the reflected light ellipticaUy polarized. When the 
azimuth of the plane of polarization of the incident ray is 45°, 
the amplitudes of the resolved vibrations will be eqtuil ; and 
if, moreover, their difference of phase is a quarter of an undu- 
latiouy the ellipse will become a circle, and the light will be 
circularly polarized, 

(166) Reducing his formulse to numbers, in the case of St. 
Gobain*s glass, Fresnel found that the difference of phase of 
the two portions of the reflected light amounted to one^eighth* 
of an undulation, when the angle of incidence was 54° 37'. 
Polishing, therefore, a parallelopiped of this glass, whose faces 
of incidence and emergence were inclined to the other faces 
at these angles, it followed 
that a ray RR'R'R", inci- 
dent perpendicularly on 
one of these sides, and 
once reflected at each of 

the others, at R and R', would emerge perpendicularly at the 
remaining side, the difference of phase in the two portions of 




* In order to produce a difference of phase of a quarter of an undulation 
by a single reflexion, the refractive index should be = 4*142. 
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the twice-reflected raj amounting to a quarter of an undula^ 
tion. If, then, the incident ray be polarized in a plane inclined 
at an angle of 45° to the plane of reflexion, the emergent light 
will be circularly polarized. This was found to be the case 
on trial, and the theory thereby verified. The parallelopiped 
described is well known under the name of FresneFs rhomb ; 
and is of essential service in all experiments relating to circu- 
lar and elliptic polarization. 

If the circularly polarized ray be made to undergo two 
more total reflexions, in the same plane and at the same 
angle, by transmitting it through a second rhomb placed 
parallel to the first, it will emerge plane-polarized ; and its 
plane of polarization will be inclined 45° on the other side of 
the plane of reflexion. In fact, the two additional reflexions 
increase the difference of phase of the two portions, into which 
the light was originally resolved, from 90° to 180°; and we 
know that two equal vibrations, whose phases differ by 180®, 
compound a single right-lined vibration, whose direction 
bisects the supplement of the angle formed by their direc- 
tions. 

This property enables us to distinguish a circularly polar- 
ized ray from a ray of common light. On the other hand, it is 
at once distinguished from plane-polarized light, by the cir- 
cumstance that it is divided, into two rays of equal intensity 
by a double-refracting crystal, whatever be the position of the 
plane of the principal section. 

(167) The effects produced upon light by reflexion at the 
surfaces of metals were first observed by Malus. 

Mains found that metals differed from transparent bodies, 
in their action upon light, in this, that common light was 
never completely polarized by reflexion at their surfaces. The 
phenomenon of polarization was, however, /?ar^ea//y produced ; 
and the effect increased to a maximum at a certain angle of 
incidence. 
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When the incident light was polarized in a plane inclined 
at an angle of 45^ to the plane of incidence, Mains observed 
that the reflected light was completely depolarized^ the pencil 
being divided into two by a double-refracting prism in every 
position of its principal section. 

(168) The subject of metallic reflexion was next studied 
by Sir David Brewster, and the laws of the phenomena inves- 

ft 

tigated in much detsdl. These laws may be reduced to the fol- 
lowing : — 

I. When a ray of common light is incident upon a me- 
tallic reflector, the reflected light is partially polarized^ the 
amount of polarized light in the reflected pencil increasing up 
to a certain incidence, which is thence called the angle oi maxi- 
mum polarization, 

II. When the light is reflected several times in succes- 
sion, in the same plane and at the same angle, the proportion 
of polarized light in the reflected pencil is increstst^d ; and 
by a sufficient number of reflexions the light becomes, as to 
sense, wholly polarized in the plane of incidence. 

III. When a ray polarized in the plane of incidence, or 
in the perpendicular plane, falls upon a metallic reflector, it is 
polarized in the same plane after reflexion. 

IV. A ray polarized in any other plane is, in general, 
partly depolarized by reflexion, the effect produced being 
greatest at the angle of maximum polarization. 

V. When light, so depolarized, undergoes a second reflex- 
ion in the same plane, and at the same angle, its polarization 
is restored. The new plane of polarization lies on the oppo- 
site side of the plane of incidence from the original plane, and 
its azimuth is changed. 

(169) From the last of the foregoing laws it is evident, 
that the light produced by the reflexion of a polarized ray is 
not common light. Neither is it plane-polarized light, since 
it does not vanish in any position of the analyzing rhomb. 
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It is eUiptically polarized ; and all the phenomena are expli- 
cable on the hypothesis, that the two oppositely polarized rays, 
into which the incident ray is resolved, differ in phase after re- 
flexion, the difference amounting to 90° at the angle of maxi- 
mum polarization. For it is plain that the effect of a second 
reflexion, in the same plane and under the same angle, will be 
to double the difference of phase, which thus becomes 180® ; 
and the resulting Hght wiU ,be planerpolarized, the plane of 
polarization lying at the opposite side of the plane of inci- 
dence. 

It is easy to see, from the foregoing, that the problem of 
metallic reflexion is reduced to the determination of the iTiten-- 
sity, and the phase ^ of the reflected vibrations, in the case of 
light polarized in the two principal planes. For any polarized 
ray may be resolved into two, polarized respectively in the 
plane of incidence and in the perpendicular plane; and these 
planes, by the third of the preceding laws, are unaltered by 
reflexion. The two components, however, undergo changes 
both of intensity and phase ; and when these are known, the 
character of the reflected pencil is completely determined. 

This problem has been solved experimentally, by M. Ja- 
min, in the most complete manner. 

(170) The intensity of the light reflected by a metal at 
different incidences is determined by M. Jamin by comparison 
with the intensity of light reflected from glass under the same 
angle, which latter is known by Fresnel's formulae (156). A 
plate of metal, and one of glass, are placed in the same plane, 
and in contact, and the light is allowed to fall partly upon 
each. When the incident light va polarized in the plane of 
incidence^ the light reflected from the metal, as well as from 
the glass, continues polarized in that plane. If, therefore, 
the two reflected pencils be received on a double-refracting 
prism, whose principal section coincides with the plane of 
incidence, each of them will furnish a single refracted pencil. 
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But if the principal section of the prism be inclined to the 
plane of inddence at any angle, a, each of the reflected pencdls 
will fiimish two refracted pencils, whose intensities will vary 
¥rith the azimuth of the principal section according to the 
known law of Mains. 

Let I be the intensity of the light reflected from the metal, 
and r that of the light reflected from the glass. The inten- 
sities of the ordinary and extraordinary pencils, into which the 
former is subdivided by the prism, are respectively 

I cos' a, I sin' a ; 

and those of the corresponding pencils, derived from the latter, 

are 

r cos* a, r sin' a. 

Hence, if the prism be turned, until the ordinary image of 
the light reflected from the metal is equal, in intensity, to the 
extraordinary image of the light reflected from the fflassy 
I cos' a >= r sin' a, and 

I=rtan'a. 

The azimuth of the principal section, a, is measured by means 
of a graduated circle attached to the prism ; and the value 
of r for each incidence is given by Fresnel's formulas. 

A second measure is obtained, by turning the prism untU 
the extraordinary image of the light reflected from the metal 
is equal to the ordinary image of the light reflected from 
the glass; and similar processes are followed in the case of light 
polarized in the perpendicular plane. 

The results of these observations prove, that when light 
polarized in the plane of incidence is reflected by a metal, the 
intensity of the reflected light increases continually, as the 
incidence increases from 0^ to 90^, — ^the total variation, how- 
ever, being very small. In the case of light polarized per^ 
pendicularly to the plane of incidence, on the other hand, the 
intensity of th^ reflected light diminishes from a perpendicular 
incidence, up to the angle of maximum polarization, and after- 
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wards increases. The values found by experiment accord 
satisfactorily with the results of M. Cauchy's dynamical 
theory. The intensities of the reflected light, in the two 
cases, are equal at the extreme incidences : at all other in- 
cidences the intensity of the reflected light is less in the case 
of light polarized perpendicularly to the plane of incidence ; 
and the inequality is greatest at the angle of maximum polari- 
zation. 

(171) It remained to determine the difference of phase of 
the two component pencils corresponding to any incidence. 

For this purpose two mirrors of the same metal were placed 
parallel to one another, with their reflecting surfaces opposed; 
and their distance was adjusted by means of a screw. A ray 
of light, incident upon one of the mirrors, will, after reflexion, 
fall upon the other in the same plane, and under the same 
angle. It will then return to the first, its plane and angle of 
incidence being unaltered ; and will thus undergo a series of 
similar reflexions between the mirrors, the number of which 
depends on their distance, and on the angle of incidence. 

Now the incident ray, polarized in any plane, may be 
resolved into two, polarized respectively in the plane of inci- 
dence, and in the perpendicular plane. The planes of po* 
larization of these two components are unchanged by reflexion: 
but their phases are altered, and that unequally ; and the re- 
flected light, composed of them, is therefore dlipticaUy polar^ 
ized* 

When there are several reflexions in the same plane, and 
under the same angle, the two components undergo the same 
modification of phase at each successive reflexion, and the dif- 
ference of phase produced is equal to that produced by a sin- 
gle reflexion, multiplied by the number of reflexions. But 
the resulting light will he plane-polarized^ when the differ- 
ence of phase becomes a multiple of tt : we have, therefore, 
only to increase the number of reflexions at the same inci- 
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dence* until the light is plane-polarized, and the difference of 
phase produced by a single reflexion will be known. For, 
if € denote the difference of phase sought, nc will be that pro- 
duced by n reflexions. And, when the resulting light is 
plane-polarized, itc « mir, m being any integer number ; conse- 
quently 

wiir 



€ = 



n 



It follows from these researches, that the phase of the ray 
polarized perpendicularly to the plane of incidence is always 
retarded^ relatively to the other. The difference of phase 
increases regularly with the incidence, being equal to ir at a 
perpendicular incidence, and to 2ir at an incidence of 90^. 
At the angle of maximum polarization^ e = |ir. This angle 
is, of course, different for different metals : it is, however, 
notferinanyfrom75^ 

(172) It follows from the preceding, that there are n - 1 
incidences between 0*^ and 90°, for which the ray is restored 
to the condition of plane polarization by successive reflexions. 
For the ray becomes plane-polarized, as often as the difference of 
phase of the two components is a multiple of ir. But, with a 
single reflexion, the difference ofphase increases by ir between 
0° and 90° of incidence. Consequently, with n reflexions, the 
difference increases by nn; and between these limits of inci- 
dence there are n-l multiples of tt, and therefore n - 1 angles 
of incidence at which the polarization is restored. 

The plane of polarization of the restored ray will be on 
the same side of the plane of incidence, as the plane of polari- 
zation of the incident ray, or on the opposite j according as the 
difference ofphase is an even or odd multiple of tt. 

(173) It would appear from the foregoing, that metals 

* In practice it is more convenient to produce this effect by increasing the 
incidence, tbe number of reflexions remaining unchanged. 
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difFer from transparent bodies, in their action upon lights in 
two particulars — namely, 1st, that they do not polarize common 
light completely at any inddence ; and 2nd, that they alter 
plane-polarized light by reflexion into light elliptically polar* 
ized. It will be seen, presently, that these differences are 
only differences in degree. 

It was long since observed by M. Biot, that diamond and 
sulphur did not polarize the light completely at any angle ; 
and the property was extended, by Sir John Herschel, to all 
transparent bodies possessing an adamantine lustre. Mr. Airy 
has proved, that pIane*polarized light becomes elliptically 
polarized, by reflexion from diamond. And, finally, Mr* 
Dale and Professor Powell have shown that these two pro- 
perties, supposed peculiar to metals, belonged to all transparent 
bodies having a high refractive power • 

In this state of the question, the problem of reflexion by 
transparent bodies was taken up by M. Jamin, and received, 
at his hands, its complete experimental solution. The con- 
clusions deduced by M. Jamin from his observations may be 
summed up as foUows : — 

I. AU transparent bodies polarize the light incompletely 
by reflexion — the polarization of the reflected light becoming 
a maximum at a certain angle of incidence. 

II. They transform plane-polarized light into light «//7jp/2- 
cally polarized. 

III. The difference of phase which they impress upon light, 
polarized in the two principal planes, undergoes the same va- 
riations as in metallic reflexion, within certain limits of inci- 
dence. 

(174) It is necessary to enter a little more minutely into 
the consideration of this third law, which (it is obvious from 
the preceding) virtually includes the two others. 

According to Fresnel's theory, when a ray polarized in any 
plane falls upon a transparent body, the reflected light con- 
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tinaes polarized. Bat its plane of polarization is dianged ; « 
Ues at the oppoote ade of the plane of incidence, when ik 
incidence is less than the polarizing angle, and at the ssA 
dde when it is greater (160). It follows firom this, that theV-^ 
two components of the reflected raj, polarized respectiyd; in 
the plane of in<adence and in the perpendicofaur plane, agree in 
phase at all inddences above the angle of polarization, while 
they differ 180'' ui phase at all inddences bdow it. Accord* 
ing to this theory, therefore, the diflferenoe of phase changes 
abruptly J firom x to 2V, at that critical inddenoe. On the 
other hand, in reflexion firom meiab, the difference of phase 
of the two components increases continuously firom x to 2x, as 
the inddence inca^ases fit>m 0° to 90^. 

Now M. Jamin has shown that the latter is generally true 
for all bodies, whether opaque or transparent ; and that the 
distinction of these bodies, as to their effects npon reflected 
light, consists only in this, that in transparent bodies the va- 
riation of phase is insensible, except in the neighbonrhood of 
the angle of maximum polarization. 

In transparent substances, accordingly, the diffeorence of 
phase is nearly constant^ at low and at h^h inddences ; and 
passes £rom. x to 2ir, (not abruptly, as we are required to sup* 
pose in Fresnel's theory, but) between two inddences, one 
lower and the other higher than the angle of maximum polari- 
zation. The elliptic polarization of the reflected light will be 
sendble only within the same limits of inddence ; and beyond 
them the light is (as to sense) plane-polarized. In substances 
of low refi'active power, these limiting inddences differ firom 
one another, and from the angle of maximum polarization, by 
a small amount ; and for these, therefore, the change of phase 
(although not instantaneous) is very rapid, and Fresnel's laws 
are approximately true. 

3 

When the difference of phase =2^' ^® dliptidty of the 
reflected ray is greatest. The angle of incidence at which 
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this occurs is the angle of maximum polarization in the case 
of cominon light, and is called the principal incidefwe. It is 
theoretically different from the angle given by Brewster's law ; 
but the difference is in all cases small. 

(175) M. Jamin has shown, further, that transparent 
bodies may be distinguished into two classes^ with respect to 
their action upon reflected light. In some of them, as in 
opaly the phase of the component in the plane of incidence is 
accelerated^ relatively to the other component ; in others, as 
hyalite^ it is retarded. The bodies of these classes are deno- 
minated, by M. Jamin, substances of positive and oi negative 
reflexion^ respectively. Intermediate to these two classes we 
should expect to find a thirds characterized by the property 
that the phase is unaltered by reflexion^ and for which, there- 
fore, Fresnel's laws are accurately true. This class is very 
small ; the only bodies observed to belong to it being menilite 
and alum. 

These distinctions appear to be connected with the refrac- 
tive power. Thus all bodies, whose refractive index is gre^r 
than 1*46, accelerate the phase of vibration in the plane of in- 
cidence ; those whose refractive index is less than 1*46, retard 
it ; while those bodies, for which ^ = 1*46, reflect according to 
Fresnel's laws. 

(176) The elliptical vibration of the reflected light will 
be completely known, when we know the difference of phase 
of the two principal components, and the ratio of their inten- 
sities. The difference of phase is determined experimentally 
by M. Jamin, by the process which restores the light to the 
condition of plane polarization ; while the azimuth of the plane 
of polarization of the restored ray gives the ratio of the inten- 
sities of the two components. The results obtained have been 
compared with the formulae given by M. Cauchy for the case 
of diamond ; and the agreement has been found to be satis- 
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fiictoiy. These formabe inY<dYe two constants, — the refrae^ 
the mdex^ and the coefficient ofeUipticUy ; and these are de- 
tennined, when we know the piindpal incidence, and the ratio 
of the amplitudes of the two vibrations at that inddence. 

The fundamental difference between this theory, and that 
of Fresnel, consists (we have seen) in including a change of 
phase of the reflected vibration, varying with the incidence. 
This change of phase is due, according to M. Cauchy and 
Mr. Green, to the normal vibration, which — though evanes- 
cent at a short distance firom the surfiioe — modifies the phase. 

(177) Professor Haughton has fi>llowed up the researches 
so ably commenced by M. Jamin, and has obtained some new 
and interesting results. The more important of these are com- 
prised in the following laws : — 

I. K plane-pokrized light be inddent on a transparent 
reflecting body, and the in<ddenoe be gradually increased fix)m 
O'' to 90^ the ratio of the axes of the reflected elliptically 
polarized light diminishes firom infinity, at 0^, to a minimum^ 
at the principal inddence ; and increases again to infinity, 
at 90**. 

II. The mtiitiiitciii ratio of the axes varies with the plane 
of polarization of the incident light, and diminishes as the 
azimuth of that plane increases, until the latter reaches a cer- 
tain value ; after which the ratio again increases. 

in. When the aramuth of the plane of polarization of the 
incident light reaches this value, the ratio of the axes becomes 
equal to tonfy, and the reflected light is dradarly polarized. 

This last conclusion is one which might have been antici- 
pated. M. Jamin had shown, that the difference of phase of 
the two principal components of the reflected light was equal 
to 270^, at the prindpal incidence ; so that the light reflected 
at this incidence must be circularly polarized^ when the am- 
plitudes of the two components are equal. This equalization 
of the reflected components c»n always be effected by varying 
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the azimuth of the plane of polarization of the incident ray. 
a denoting this azimuth, the amplitudes of the two compo- 
nents are cos a and sin a, that of the original yibration being 
unity; so that if t? and w denote (as before) the ratios of the 
amplitudes of the reflected and incident vibrations in the two 
principal planes, the amplitudes of the two components in the 
reflected ray will be v cos a> and w sin a. These will be equal, 
and therefore the reflected light circiylarly polarized, when 

V cos {B - 6') 

tan a = — = -tk — ^jr- 

w cos (0 + ) 

If the principal incidence were the same as the angle given 
by Brewster's law, cos (0 + fl') = 0, and a = 90°. But this not 
being the case, cos (6 + &) is not actually evanescent ; and the 
azimuth, a, at which the light is circularly polarized, is a few 
degrees less than 90°. 
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CHAPTER XI. 
frbsnbl's theory of double refraction. 

(178) It has been stated (60, 66), that soon after the dis- 
coveiy of double refraction in Iceland crystal, Huygens suc- 
ceeded in embracing its laws in the theory of waves, by a 
bold and happy assumption. He had abready shown that 
the form of the wave which gives rise to the ordinary refracted 
ray, in glass and other uncrystallized substances, was the 
sphere ; or, in other words, that the velocity of unduhitory 
propagation was the same in all directions. One of the rays in 
Iceland crystal, too, was found to obey the same hiw ; and, 
judging that the law which governed the other, though not so 
simple, was yet next in simplicity^ he assumed the form of its 
wave to be the spheroid; that is, he supposed the velocity of 
propagation to be different in different directions, in accord- 
ance with the following construction : — ^< Let an ellipsoid 
of revolution be described round the optic axis, having its 
centre at the point of incidence; and let the greater axis of 
the generating ellipse be to the less in the ratio of the greatest 
to the least index of refraction : then the velocity of any ray 
will be represented by the radius vector of the ellipsoid which 
coincides with it in direction." We have already seen that 
the construction for the direction of the rays, derived from this 
assumption, was verified by experience ; and we have here 
another instance, to which the history of science affords many 
parallels, of the value of analogical principles in directing sci- 
entific research. 

(179) The law of Huygens was found to hold in many 
(Crystals besides that to which it was originally applied ; and in 

M 2 
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all of these there was one optic axis, or one line along which a 
ray of light passed without division. But when the researches 
of Brewster made known a class of crystalline bodies, having 
two optic axes, or two lines of no separation, Huygens's law 
was found not to be general ; and it was ascertained that one 
of the rays, at least, in biaxal crystals, followed some new and 
unknown law. 

In this state of the question, the problem of double re- 
fraction was taken up by Fresnel ; and by the aid of a na- 
tural and simple hypothesis, combined with the principle of 
transversal vibrations, he has been conducted to its complete 
solution, — a solution which not only embraces all the known 
phenomena, but has even outstripped observation, and pre- 
dicted consequences which were afterwards verified by expe- 
riment. 

(180) Fresnel sets out from the supposition, that the 
elastic force of the vibrating medium, in every crystal, is 
different in different directions. This is, in fact, the most 
general supposition that can be made ; and whether we sup- 
pose that the vibrating medium is the ether within the crys- 
tal, or that the molecules of the body itself partake of the 
vibratory movement, there will be obviously such a connexion 
and mutual dependence of the parts of the solid and those of 
the medium in question, that we cannot hesitate to admit for 
the one, what has been already established on the clearest 
evidence for the other. 

It is easy to see, generally, that the phenomenon of double 
refiuction is a necessary consequence of this hypothesis, and 
of the principle of transversal vibrations. 

Let us take, for example, the simple case of a ray of 
light proceeding from an infinitely distant point, and falling 
perpendicularly on the surface of a uniaxal crystal, cut parallel 
to the axis. The incident wave being plane, and parallel to 
the surface of the crystal, the vibrations are also parallel to 



[ frbsnbl's thbokt of docbls bbfraction. 165 



) 



the same sur&ce ; and we may conoeiye them to be composed 
of yibiatioiis parallel and perpendicular to the axis of the crys- 
tal. Now, the elastidty brought into plaj by these two sets 
of vibrations being diflferent, they will be propagated with diffe- 
rent y elocifies ; and there wiU be two waves within the crystal, 
in which the vibrations are parallel to two fixed directions* at 
right angles to one another, — or two rays oppositely polarized* 
If the second &ce of the crystal be parallel to the first, the 
two rays will emerge perpendicularly ; and the only efl^t pro- 
duced will be, that one will be retarded more than the other, 
in its progress through the crystaL But if the second fiuse be 
oblique to the direction of the rays, they will be both re- 
fr acted 2X emergence, and differently ; and they will therefi>re 
diverge firom one another. 

(181) To return to the general theory. Let us suppose a 
disturbance to be produced in a medium such as we have been 
considering, and any particle of the medium to be displaced 
from its position of rest. The resultant of all the elastic forces 
which resist the displacement will not, in general, act in the 
direction of the displacement (as would be tiie case in a me- 
^um vfdfinrmly elastic), and therefi:)re will not drive the dis- 
placed particle directiy back to its portion of equilibrium. 
Fresnel has shown, however, that there are three directions 
at right angles to each other, in every elastic medium, in each 
of which the elastic forces do act in the direction of the dis^ 
placement^ whatever be the nature or laws of the molecular 
action. He assumes that these three directions are parallel 
throughout the crystal. In &ct, the first principles of crys- 
tallization oblige us to admit, that the arrangement of the 
molecules of the crystalline body is similar in all parallel lines 
throughout die crystal ; and the same property must belong 
to the ether within it, if (as we have reason to presume) its 
elasticity be dependent on that of the crystal itself. These 
three directions Fresnel denominates axes of elasticity ; and 
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he concludes that they are also axes of symmetry, with re- 
spect to the crystalline form. 

If, on each of these axes, and on every line diverging from 
the same origin, portions be taken, which are as the square 
roots of the elastic forces in their directions, the locus of the 
jextremities of these portions will be a surface, which Fresnel 
denominates the surface of elasticity. Its equation is 

r' - a^ cos* a 4 i' cos' j3 + c' cos' 7 : 

a\ b\ c^, being the elasticities in the directions of the three 
axes ; r the radius vector of the surface ; and a, /S, y, the an- 
gles which it makes with the axes. 

This surface determines the velocity of propagation of the 
wave^ when the direction of its vibrations is given* For, the 
ethereal molecule vibrating in the direction of any radius vec- 
tor, r, of this surface, the elastic force which governs its vibra- 
tion will be proportional to r^; and, since the velocity of wave- 
propagation is as the square root of the elastic force, it must, 
in this case, be represented by the radius vector of the surface 
of elasticity in the direction of the vibrations. Hence, if we 
conceive the vibration in the incident wave to be resolved into 
two within the crystal, performed in two determinate direc- 
tions, these will be propagated with different velocities ; and, 
as a difference of velocity gives rise to a difference of refrac- 
tion, it follows that the incident ray will be divided into two 
within the crystal, which will in general pursue different paths. 
Thus, the bifurcation of a ray, on entering a crystal, presents 
no difficulty, provided we can explain in what manner the 
vibration comes to be resolved. 

(182) To understand in what manner this takes place, let 
us conceive a plane wave advancing within the crystal. By 
the principle of transversal vibrations, the movements of the 
ethereal molecules are all parallel to the wave. But the mo- 
tion of each molecule, when thus removed from its position of 
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equilibrium, is resisted by the elastic force of the medium ; 
and that force is, in general, oblique to the direction of the 
displacement. If the plane containing the direction of the force 
and that of the displacement were normal to the plane of the 
wavey the force would be resolvable into two,— one perpen- 
dicular to the plane of the wave, which (by the principle of 
transversal vibrations) can produce no effect; and the other 
in the direction of the displacement itself, which will thus 
be communicated from particle to particle* without change. 
But this, in general, is not the case. Fresnel has shown, how- 
ever, that the displacement may be resolved in two direc- 
tions in the plane of the wave, at right angles to one another, 
such that the elastic force called into action by each compo- 
nent will be in the plane passing through the component, and 
normal to the wave ; and thus each component will give rise 
to a wave, in which the direction of the vibrations is pre- 
served, and which therefore will be propagated with a con-^ 
stant velocity. 

The two directions, above alluded to, are those of the ffreat- 
est and least diameters qfthe section of the surface of elasticity 
made by the plane of the wave ; so that if the original dis- 
placement be resolved into two, parallel to these directions, 
each component will give rise to a plane wave, in which the 
vibrations preserve constantly the same direction. The velo-* 
dty of propagation being represented by the radius vector of 
the surface of elasticity in the direction of the displacement, 
the velocities of the two parts of the wave will be proportional 
to the greatest and least diameters of the section of the surface 
of elasticity, to which the vibrations are parallel. Thus it 
appears that an incident plane wave, in which the vibrations 
are in any direction, will be resolved into two within the 
crystal ; and these will be propagated with different velocities^ 
and consequently assume different directions. 

(183) The vibrations in these waves being parallel to two 
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fixed lineSf — namely, the greatest and least diameters of the 
section of the surface of elasticity, — it follows that the two re- 
fracted rays are polarized^ and that their planes of polarization 
are at riffht angles^ being the planes passing through the di- 
rection of the ray and these two lines. Hence it follows, that 
the plane of polarization of one of the rays bisects the dihedral 
angle made by the two planes, which pass through the nor- 
mal to the wave and the normals to the two circular sections of 
the surface of elasticity ; and that the plane of polarization of 
the other is pei^pendicular. This coincides, very nearly, with 
the rule previously given by M. Biot, namely, that the plane 
of polarization of one of the pencils bisects the dihedral angle 
formed by planes drawn t/irough the rag and the two optic axes; 
while that of the other is perpendicular^ or bisects the supplemental 
dihedral angle. 

Thus the two fundamental facts of crystalline refraction — 
namely, the bifurcation of the ray, and the opposite polariza- 
tion of the two pencils — are completely accounted for. 

Further, the amplitudes of the resolved vibrations are re- 
presented by the cosines of the angles which the direction of 
the original vibration contains with the two fixed rectangular 
directions ; and, as the squares of these amplitudes measure 
the intensities of the two pencils, the law of Malus respecting 
these intensities is a necessary consequence. 

(184) The velocity of propagation of a plane wave in any 
direction being known, the^rwi oj'ihe wave, diverging from 
any point within the crystal, may be found. For, if we con- 
ceive an indefinite number of plane waves, which, at the com- 
mencement of the time, all pass through the point which is 
considered as the origin of the disturbance, the wave surface 
will be that touched by all these planes at any instant. Fresnel 
has given the following elegant construction for its determi- 
nation : — *' Let an ellipsoid be conceived, whose semiaxes are 
a, ft, c (the same as those of the surface of elasticity), and let 
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it be cut by any diametral plane. At the centre of this sec- 
tion let a perpendicular be raised ; and on this line let two 
portions be taken, whose lengths (measured firom the centre) 
are equal to the greatest and least radii of the section. The 
extremities of these perpendiculars will be the loci of the 
double waTC." 

The equation of the wave surfiice is of the fourth order ; 
it has been thrown into the following symmetric form by & 
William Hamilton, 

a«jr» ft«y* c*z» 



ac* + y* + 2*-a» a?+y» + :3*-^ ap» + y* + 2:* - c» 



= 0. 



(185) The form of the wave surface being known, the di- 
rections of the two refinaeted rays are determined by tangent 
planes drawn to the two sheets of the sur&ce, according to 
the construction of Huygens. Conceive three surfaces, hay* 
ing their common centre at the point of incidence, and repre- 
senting, respectiyely, the amultaneous positions of three wayes 
diverging from that point, — ^the first in air, which is a sphere; 
and the other two within the crystal, which are the two sheets of 
the surface we have been considering. Let the in<adent ray 
be produced to meet the sphere, and at the point of intersec- 
tion let a tangent plane be drawn. Through the line of inter- 
section of tlus plane with the refinacting sur&ce, let two planes 
be drawn touching the two sheets of the refracted wave ; the 
lines connecting the centre with the points of contact are the 
directions of the two refracted rays.* 



* If, in place of the eUipsoid menticHied aboTe, we Uke that whose semU 

axes are -» -, -, the three principal refiractire ind i ces of the medivm, the 
a h e *^ 

surface derived from it bj the same ooostrocti<m will represent the norma! 
tlommess of the wovcm, and is connected with the wove nafoce bj a remark- 
able relation of reeiprocitj. The properties of this surface lead to the fol- 
lowing elegant construction for the directions of the refracted rays, a con- 
struction which is, in many cases, more couTenient than that given above : 
— *« With the point of imndence, as a common centre, cmistruct the surfaces 
of wmfft'thmmen belonging to air and to the crystal, respectively. Let the 
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It may be shown that the direction of the vibratory move- 
ment, at any point of the surface of the wave, coincides with 
the projection of the radius vector upon the plane which 
touches the surface at that point. Hence, if perpendiculars 
be let fall from the centre, on the tangent planes to the two 
sheets of the wave surface, the lines connecting their feet with 
the points of contact are the directions of the vibrations in the 
two rays ; and therefore determine their planes of polarization. 
The perpendiculars themselves measure the velocities of pro- 
pagation of the wavesy while the radii vectores represent those 
of the raps. 

(186) From the construction of the wave surface, above 
given, it follows that there are two directions, — ^namely, the 
normals to the two circular sections of the ellipsoid, — in which 
the two sheets of the wave surface have a common radius 
vector, and therefore the two rays a common velocity. If ca 
and (o denote the angles which any line drawn from the centre 
of the wave makes with these lines, v and v the radii vectores 
in its direction terminating in the two sheets of the wave 
surface, the equation above given may be reduced to the fol- 
lowing remarkable polar forms : — 

v' = a-» sin* i (w + w) + c^ cos^ i (w + <*>')» 
v'^ = «-» sin^ i (w - w ) + c-« COS* i (w - w ). 

Since the radius vector of the wave surface measures the 



incident ray be produced to meet the sphere, which represents the normal 
slowness of the wave in air ; and from the point of intersection let a per- 
pendicular be drawn to the refracting surface. This will cut the surface of 
slowness of the refracted waves, in general, in two points. The lines con- 
necting these points with the centre will represent the direction and normal 
slowness of the waves; while the perpendiculars from the centre on the 
tangent planes at the same points will represent the direction and slowness 
of the rays" This construction was given by Sir William Hamilton and 
Professor Mac Cullagh. 
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velocity of the imy in its direcrian, tlie TekKdties rf die two 
rajs are giYOi by the pveeedii^ fixmnls. If wesabtnct the 
latter firom the fivmer, we find (after a ample trigonom^nad 
reduction), 

c** - V'* = («"• — c"*) an M an m'. 

Hence the difleren ce oftheaqoaieBof theie^iocalTdocities, 
in the two rays, is pn^Mitiamd to the prodnct <^the anes of 
the aiigles m^ I7 tl»r oonuDoa dira^ with the lines m 
which the two lavs hare a aMnmcm TdocitT. In all known 
crytaky these fines dcTiate tczj little from the cpiie axesy — or 
the fines in which the two parts of the wace have a connnon 
Yelo<aty ; and thus the lemailEable law, to the disooTCij of 
which M. Biot was led br analogy, and which has been also 
shown to flow trook the coostmctions for the Telooty ^ven by 
Sir David Brewster, is a neoeasaiy consequence erf" Fresnel's 
theory. 

The two sets of lines aboFC alloded to— the lines cfsimgle 
ray-^celocUy, and nrngle wace-^ehcUff — areatoatedin the plane 
of the axes of greatest and least elasticity, the lines crf'eadi 
pair Hiking equJ angles with the axis of greatest elasticity 
on either side. The tangents of these ang^ are le^ec- 
tively. 



Hence, when ^^c^, m-ft^^^o*, these angles become 0,or90^; 
and the two optic axes wute^ — coinciding in the firmer case 
with the axis c^ greatest elastidty, and in the latter with that 
of the least. 

In each of these cases, then, m == m', and the preceding 
eqoatims become 

the ibrm«- of which is the equation of the ellipsoid of revolu- 
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tion, and the latter that of the sphere. Accordingly, the 
wave surface resolves itself into the sphere and spheroid of the 
Huygenian law ; and the form of tbe wave in umaxal crystals, 
which was assumed by Huygens, is deduced as a simple corol- 
lary from the general theory of Fresnel. 

Finally, when the three elasticities are all equal, it will 
appear at once from the preceding equations that the spheroid 
becomes a sphere. The velocity is accordingly the same in 
all directions, and the law of refraction is reduced to the known 
law of Snell. 

(187) It has been stated (70) that, as soon as a class of dou- 
ble-refracting substances was discovered, possessing two optic 
axes, the construction of Huygens was found not to be gene- 
ral. It was still thought, however, that the velocity of ^wc of 
the rays in every crystal was constant ; or, in other words, 
that one of the rays was refracted according to the ordinary 
law of the sines. According to Fresnel's theory, however, 
the velocity of neither of the rays in biaxal crystals was con- 
stant, and the refraction of both was performed according to 
a new law. It was, therefore, a matter of much interest to 
decide this question by accurate experiment. This experimental 
problem was solved by Fresnel himself, and the result was de- 
cisive in favour of his theory. 

It has been already shown (81) that when light, diverg- 
ing from a luminous origin, passes through two near aper- 
tures in a screen, the two pencils into which it is thus divided 
will interfere, and produce fringes, — the central fringe being 
the locus of those points at which the two rays have tra- 
versed equal paths. Now if two plates ofglass^ cut from the 
same plate, and of exactly the same thickness, be placed per- 
pendicularly, one in the path of each ray, the two rays will be 
equally retarded^ and the central fringe will remain undis- 
placed. But if, instead of glass plates, we employ plates cut 
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in different direeHons from the mme biajtal aydal, — thepktes 
being of exactly the same thickness, — the fiinges jHrodooed by 
the interferenoe of the two oidbuury* imjs will remain still on- 
displaced, if the Telocity ^of these rays is the same in the two 
plates ; while, on the other hand, if the Telocities be differ- 
ent, the fiinges will be shifted fiom thdr original podtion. 
On trial, the result was fi>und to be as Fresnd hid anticipated : 
the fringes woere dispiaeed; and the amount of that displace- 
ment agreed with the calcolated diflference of ydodty, which 
had been previously deduced fiom theory. 

In a second experiment, two prions were cut in different 
directions fix>m the same crystal of topaz, oonented together, 
and ground to the same angle ; and the compound prism thus 
formed was achrcmiatized by a prism of glass. On looking 
through the combination at a line of light, Fresnel found that 
the ordinary image of the line was broken at die junction of the 
two prisms, — ^thus showing that the lay was unequally re- 
fivcted in different directions. 

(188) Therearetwo remarkable cases of Fresnel*s theory, 
which have since finrnished a yery striking confirmation of 
its truth. 

If we make jr = 0, in the equation of the waye surGuse, so 
as to obtain its intosection with the plane of xz^ the resulting 
equation is redudble to the fi>rm 

This equation is manifestly resolyable into the two follow- 
ing: 

a« + 2* = **, a*x* + c»z» = ii*c»; 

so that die smfioe intersects the plane of xs in a drde 



• The rmy whose Tdochj ▼aries the least, in luzal crystalst is 
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and ellipse. As these two curves have a coimnoii centre, 
and as the radius of the circle, ft, is of intermediate magni* 
tude to the semiaxes of the ellipse, it follows that they 
must intersect in foor points, as is represented in the annexed 
diagram. 

Now, when two rays pass within the 
crystal in any common direction, as 
OAB, their velocities are represented 
by the radii vectores of the two parts of 
the wave, O A and OB ; and their direc-^ 
tions, at emergence, are determined by 
the positions of the tangent planes at the 
points A and B. But in the case of the 
ray OP, whose direction is that of the 
line joining the centre with one of the 
four cusps, or intersections just mentioned, the two radii 
vectores unites and the two rays have the same velocity. 
There are still, however, two tangents to the plane section 
at the point F; so that it might be supposed that the 
rays proceeding with this common velocity within the crystal 
would still be divided at emergence into two, — and two only, — 
whose directions are determined by the tangent planes. This 
seems to have been Fresnel's view of the case. Sir William 
Hamilton has shown, how^ever, that there is a cusp at each of the 

m 

four points just mentioned, not only in this particular section, 
but in every seqtion of the wave-surface passing through the 
line OP ; or, more properly, that there is a conoidal cusp on 
that surface at the four points of intersection of.the circle and 
ellipse, and consequently an infinite number of tangent planes^ 
which form a tangent cone of the second degree. Hence, a 
dngle ray^ such as OP, proceeding within the crystal in one of 
these directions, should be divided into an infinite number of 
rays at emergence, whose directions and planes of polarization 
are determined by the tangent planes. 

Again, It is evident that the circle and ellipse have fiur 
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common tangents^ such as MN ; and the planes passing through 
these tangents, and perpendicular to the plane of the section, 
are perpendicular to the optic axes of the crystal. Fresnel 
seems to have thought that these planes touched the wave 
surface in the two points just mentioned, and in these only; 
and, consequently, that a single ray, incident upon a biaxal 
crystal in such a manner that one of the refracted rays should 
coincide with an optic axis, OM, will be divided into two 
within the crystal, OM and ON, determined by the points of 
contact. But Sir William Hamilton has shown that the four 
planes of which we have spoken touch the wave surface, — ^not 
in two points only, — but in an infinite number of points^ consti- 
tuting each a small circle of contact; and, consequently, that a 
single ray of common light, incident externally in the above- 
mentioned direction, should be divided into an irifinite number 
of refracted rays within the crystal. 

(189) Here, then, are two singular and unexpected con- 
sequences of Fresnel's theory, not only unsupported by any 
facts hitherto observed, but even opposed to all the analogies 
derived from experience ; — ^here are two remote conclusions of 
that theory, deduced by the aid of a refined analysis, and in 
themselves so strange, that we are inclined at first to reject 
the principles of which they are the necessary consequences. 
They accordingly furnish a test of the truth of that theory of 
the most trying nature that can be imagined. 

Being naturally anxious to submit the wave-theory to this 
test, and to establish or disprove its new results. Sir William 
Hamilton requested the author to exan^ine the subject expe- 
rimentally. The result of this examination has been to prove 
the existence of both species of conical refraction. 

The first case of conical refraction is that called by Sir 
William Hamilton external conical refraction^ and was ex- 
pected to take place, as we have seen, when a single ray 
passes within the crystal in the direction of either of the lines 
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o( single ray-velocity. These lines coincide nearly, but not 
exactly, with the optic axes of the crystal ; and, in the case 
of arragonite (the crystal submitted to experiment), contain 
an angle of nearly 20*^. The plate of arragonite employed had 
its faces perpendicular to the line bisecting the optic axes ; con- 
sequently, the lines above mentioned were inclined to the per- 
pendicular at an angle of about 10° on 
either side. Let these lines be repre- 
sented by OM and ON, equally in- 
clined to the perpendicular OP. A 
ray of common light traversing the 
crystal in the direction OM or MO, 
should emerge in a cone of rays, as 
represented in the figure ; the angle 
of this cone depending on the relative 

magnitude of the three elasticities of the crystal, a', 6% c*. In 
the case of arragonite this angle is considerable, and amounts to 
3® very nearly. 

A thin metallic plate, perforated with a very minute 
aperture, was placed on each face of the crystal ; and these 
plates were so adjusted, that the line connecting the two aper- 
tures should coincide with the line MO, or any parallel line 
within the crystal. The flame of a lamp was then brought 
near one of the apertures, and in such a position that the cen- 
tral part of the beam converging from its several points to the 
aperture should have an incidence of 15° or 
16°. When the adjustment was completed, 
a brilliant annulus of light appeared, on look- 
ing through the aperture in the second surface. 
When the aperture in the second plate was 
ever so slightly shifted, so that the line con- 
necting the two apertures no longer coin- 
cided with the line MO, the phenomenon ra- 
pidly changed, and the annulus resolved itself into two sepa- 
rate pencils. 
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The incident converging cone was also formed by a lens 
of short focus, placed at the distance of its own focal length 
from the surface ; and in this case, the lamp was removed to a 
distance, and the plate on the first surface dispensed with. 
The same experiments were repeated with the sun's light; 
and the emergent rays were even thrown on a screen, and thus 
the section of the cone observed at various distances from its 
summit. 

In the first experiments there was a considerable discre- 
jiancy between the results of observation and theory, both as 
to the magnitude of the cone, and some other circumstances 
of its appearance. These discrepancies were found to arise 
from the sensible magnitude of the little aperture on the second 
surface of the crystal, which suffered rays to pass which were 
inclined to the line OM at small angles. Accordingly, the 
magnitude of the observed cone required a correction before 
it could be compared with the results of theory : when this 
correction was applied, the agreement of the observed and 
theoretical angles was found to be complete. 

The rays which compose the emergent cone are all polar- 
ized in different planes. It was discovered by observation that 
these planes are connected by the following law, — namely, 
^^ the angle bettoeen the planes of polarization of any ttco rays 
of the cone is half the angle between the planes containing the 
rays themselves and the axis" This law was found to be in 
accordance with theory. 

(190) A remarkable variation of the phenomenon took 
place, on substituting a narrow linear aperture for the small 
circular one, in the plate next the lamp, in the first-mentioned 
mode of performing the experiment, — the line being so ad- 
justed, that the plane passing through it and the aperture on 
the second surface should coincide with the plane of the optic 
axes. In this case, according to the hitherto received views, 
all the rays transmitted through the second aperture should be 

N 
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refracted doubly in the plane of the optic axes, bo that no part 
of the line should appear enlarged in breadth, on looking 
through this aperture ; while, according to Sir William Ha- 
milton, the ray which proceeds in the direction OM should 
be refracted in every plane. The latter was found to be the 
case : in the neighbourhood of each of the optic axes, the lu- 
minous line was bent, on either side of the plane of the axes, 
into an oval curve. This curve, it is easy to show, is the con- 
choid o/Nicomedesj whose asymptot is the line on the first 
surface. 

(191) The other case of conical refraction — called internal 
conical refraction by Sir William Hamilton — was expected to 
take place when a single ray has been incident externally upon 
a biaxal crystal, in such a manner that one of the refracted 
rays may coincide with an optic axis. The incident ray in 
this case should be divided into a cone of rays within the 
crystal, the angle of which, in the case 
of arragonite, is equal to I® 55' . The 
rays composing this cone will be re- 
fracted at the second surface of the crys- 
cal, in directions parallel to the ray inci- 
dent on the first, so as to form a small 
cylinder of rays in air^ whose base is the 
section of the cone made by the surface 
of emergence. This is represented in 
the annexed diagram, in which NO is the incident ray, aOb 
the cone of refracted rays within the crystal, and aa'b'b the 
emergent cylinder. 

The minuteness of this phenomenon, and the perfect acr 
curacy required in the incidence, rendered it much more dif- 
ficult to observe than the former. A thin pencil of light, 
proceeding from a distant lamp, was sufiered to fall upon the 
crystal, and the position of the latter was altered with extreme 
slowness, so as to change the incidence very gradually. When 
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the required position was attained, the two rays suddenly 
spread oat into a continuous circle, whose diameter was ap- 
parently equal to their former interval. The same experiment 
was repeated with the sun's light, and the emergent cylinder 
was received on a small screen of silver paper, at various dis- 
tances from the crystal; and no sensible enlargement of the 
section was observable on increasing the distance. The angle 
of this minute cone within the crystal was found to agree, 
within very narrow limits, with that deduced from theory, — 
the observed angle bdng P 50', and the theoretical angle 

r 55'. 

The rays composing the internal cone are all polarized in 
different planes ; and the law connecting these planes is the 
same as in the case of external conical refraction. 

(192) We have seen that the problem to find the direction 
and magnitude of the reflected and refracted vibrati(His, when 
those of the incident vibration are given, was solved by Fres- 
nd in the case of ordinary media. In the year 1831, M. 
Seebeck generalized, to a certain extent, the solution of Fres- 
nel, and extended it to the case of reflexion by uniazal crystals 
in the principal plane. The general solution of the problem 
of reflexion and refraction by crystalline media was obtained, 
a few years later, by Professor Mac Cullagh and M. Neumann 
upon other principles (lo6) ; and the memoir of the former is 
distinguished for tiie beauty and d^ance of its geometrical 
laws. This solution, like that of Fresnel for ordinary media, 
does not include the change ofphase^ which is now proved to 
take place in reflexion at the bounding sur&ces of all media 
(174). Its results, accordingly, are only approximately true, 
the degree of approximation bdng probably the same as in the 
case of Fresnel's laws themselves. 
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CHAPTER XII. 

INTERFERENCE OF POLARIZED LIGHT. 

(193) Having considered the theory and laws of double' 
re&action, we are prepared to study the phenomena of inter- 
ference which take place when polarized light is transmitted 
through crystalline substances. The effects displayed in such 
cases are probably the most splendid in optics ; and when it 
is considered that, through them, an insight is afforded into 
the very laboratory of Nature itself, and that we are thus en- 
abled almost to view the interior structure and molecular 
arrangement of bodies, the subject will hardly be thought in- 
ferior in importance to any other in the science. ' 

The first discoveries in this attractive region were made 
by Arago, who presented a memoir to the Institute, in the 
year 1811, on the colours of crystalline plates when exposed 
to polarized light. The subject has since been prosecuted 
with unremitting ardour by the first physical philosophers of 
Europe, and among the foremost by Biot, Brewster, and 
Fresnel. 

(194) It has been already shown (142), that when a beam 
of light, polarized by reflexion, is received upon a second re- 
flecting plate at the polarizing angle, the twice-reflected light 
will vanish, when the plane of the second reflexion is per- 
pendicular to that of the first. The first reflector, in any 
apparatus of this kind, is called the polarizing plate, and the 
second (for reasons which will presently appear), the analyz^ 
ing plate. Now, if between the two reflectors we interpose a 
plate of any double-refracting substance, the capability of re- 
flexion at the analyzing plate is suddenly restored, and a por- 
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tion of the light is reflected, whose quantity depends on the 
position of the interposed crystal. The light is thus said 
(though improperly) to be depolarized by the crystal ; and it 
was by this property that the double-refracting structure was 
detected by Malus in a vast variety of substances, in which 
the separation of the two rays was too small to be directly 
perceived. 

In order to analyze this phenomenon, let the crystalline 
plate be placed so as to receive the polarized beam perpendi- 
cularly, and let it be turned round in its own plane. We 
shall then observe that there are two positions of the plate in 
which the light totally disappears, and the reflected ray va- 
nishes, just as if no crystal had been interposed. These two 
positi<5ns are at right angles to one another ; and they are 
those in which the principal section of the crystal coincides 
with the plane of the first reflexiony or is perpendicular to it. 
When the plate is turned round from either of these posi<- 
tions, the light gradually increases ; and it becomes a maxt- 
mum^ when the principal section is inclined at an angle of 45^ 
to the plane of the first reflexion. 

(195) In these experiments the reflected light is white. 
But if the interposed crystalline plate be very thin, the most 
gorgeous colours appear, which vary with every change of 
inclination of the plate to the polarized beam. 

Mica and sulphate of lime are very fit for the exhibition of 
these beautiful phenomena, being readily divided by cleavage 
into laminaB of extreme thinness. If a thin plate of either of 
these substances be placed so as to receive the polarized beam 
perpendicularly, and be then turned round in its own plane^ 
the tint does not change, but varies only in intensity ; the 
colour vanishing altogether when the principal section of the 
crystal coincides with the plane of primitive polarization, or 
is perpendicular to it, — and, reaching a maximum^ when it 
is inclined to the plane of primitive polarization at an angle 
of 45^ 
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If, on the other hand, the crystal be fixed, and the ana- 
lyzing plate turned) — bo aa to vary the inclination of the plane 
of the second reflexion to that of the first, — the colour will be 
observed to pass, through every grade of tint, into the com- 
plementary colour ; it being always found that the light re- 
flected in any one position of the analyzing plate is comple- 
mentary^ both in colour and intensity, to that which it reflects 
in a position 90^ from the former. This curious relation will 
appear more evidently, if we substitute a double-refracting 
prism for the second reflector ; for the two pencils refracted 
by the prism have their planes of polarization — one coincident 
with the principal section of the prism, and the other at right 
angles to it, and are therefore in the same condition as the 
light reflected by the analyzing plate, with its plane of re- 
flexion successively in these two positions. In this maimer 
the complementary lights are seen together, and may be easily 
compared. But the accuracy of the relation is completely 
established by making the two pencils partially overlap ; for, 
whatever be their separate tints, it will be found that the part 
in which they are superposed is absolutely white. 

( 1 96) When laminae of different thicknesses are interposed 
between the polarizing and analyzing plates, so as to receive 
the polarized beam perpendicularly, the tints are found to 
vary with the thickness. The colours produced by plates of 
the same crystal, of different thicknesses, follow the same law 
as the colours reflected from thin plates of Bxr, the tints rising 
in the sccde as the thickness is diminished ; until finally, when 
•this thickness is reduced below a certain limit, the colours 
disappear altogether, and the central space appears blacky as 
when the crystal is removed. The thickness producing cor- 
responding tints is, however, much greater in crystalline plates 
exposed to polarized light, than in thin plates of air, or any 
other uniform medium. The black of the first order appears 
in a plate of sulphate of lime, when the thickness is the 
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5^^th of an inch. Between ^^Vutli and y'^jth of an inch, we 
have the whole succession of colours of Newton's scale; and 
when the thickness exceeds the latter limit, the transmitted 
light is always white. The tint produced by a plate of mica, 
in polarized light, is the same as that reflected from a plate 
of air of only the ^^^^ P**** ^^ ^'^® thickness. 

Pursuing the examination of the same subject for oblique 
incidences, M. Biot found that, in uniaxal crystals, the tint 
developed — or rather the number of periods and parts of a 
period belonging to a ray of given refrangibility — was deter- 
mined by the length of the path traversed by the light within 
the crystal, and by the square of the sine of the angle which 
its direction made with the optic axis, jointly. In biaxal crys- 
tals we must substitute, for the square of the sine, XhQ product 
of the sines of the angles which the ray makes with the two 
axes. 

(197) Let us now turn to the physical theory, and see in 
what manner it explains the appearances. 

We have seen that the wave incident upon a crystal 
is resolved into two sets of waves within it, which traverse 
it in different directions, and with different velocities. One 
of these waves, therefore, will lag behind the other, and 
they will be in different phases of vibration at emergence. 
When the plate is thin, this retardation of one wave upon the 
other will amount only to a few undulations and parts of an 
undulation ; and it would therefore appear that we have here 
all the conditions necessary for their interference^ and the con- 
sequent production of colour. Such was the sagacious con- 
jecture of Young. 

But here we are met by a difficulty. So far as this expla- 
nation goes, the phenomena of interference and of colour should 
be produced by the crystalline plate alone, and in common 
light, without either polarizing plate or analyzing plate. Such, 
however, is not the fact, and the real difficulty in this case is, 
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— not SO much to explain how the phenomena are produced, 
as to show why they are not always produced. 

In seeking for a solution of this difficulty, we perceive 
that the two rays, whose interference is supposed to produce 
the observed results, are not precisely in the condition of 
those whose interference we have hitherto examined. They 
are polar ized^ and polarized in opposite planes. We are led 
then to inquire, whether there is anything peculiar to the in- 
terference of polarized rays which may influence these results ; 
and the answer to this inquiry will be found to complete the 
solution of the problem. 

(198) The subject of the interference of polarized light 
was examined, with reference to this question, by Fresnel and 
Arago, and its laws experimentally developed. It was found 
that two rays of light, polarized in the same plane^ interfere 
and produce fringes, under the same circumstances as twa 
rays of common light ; — that when the planes of polarization 
of the two rays are inclined to each other, the interference is 
diminished, and the fringes decrease in intensity ; — and that, 
finally, when the angle between these planes is a right angle^ 
no fringes whatever are produced, and the rays no longer in- 
terfere at all. These facts may be established by taking a 
plate of tourmaline which has been carefully worked to a 
uniform thickness, cutting it in two, and placing one-half in 
the path of each of the interfering rays. It will be then found 
that the intensity of the fringes depends on the relative posi- 
tion of the axes of the two tourmalines. When these axes are 
parallel^ and consequently the two rays polarized in the same 
plane, the fringes are best defined ; they decrease in intensity, 
when the axes of the tourmalines are inclined to one another ; 
and, finally, they vanish altogether when the axes form a right 
angle. 

In this law we find the account of the fact which hitherto 
perplexed us, — namely, that no phenomena of interference or 



INTERFERENCE OF POLARIZED LIGHT. 185 

colour are produced, under ordinary circumstances, by the two 
i*ays which emerge from a crystalline plate, and which are 
polarized in opposite planes ; and we learn that, to produce 
these phenomena in perfection, the planes of polarization of the 
two rays must be brought to coincidence by the analyzer. 

The non-interference of rays, polarized in planes at right 
angles to one another, is a necessary result of the mechanical 
theory of transversal vibrations. In fact, it is a mathematical 
consequence of that theory, that the intensity of the resultant 
light in that case is constant^ and equal to the sum of the in- 
tensities of the two component lights, whatever be the phases 
of vibration in which they meet. 

But though the intensity of the light does not vary with 
the phase of the component vibrations, the character of the 
resulting vibration will. It appears from theory, that two 
rectilinear and rectangular vibrations compound a single vi- 
bration, which will be also rectilinear when the phases of the 
component vibrations differ by an exact number of semi-un- 
dulations ; that, in all other cases, the resulting vibration will 
be elliptic ; and that the ellipse will become a circle^ when the 
component vibrations have equal amplitudes, and the differ- 
ence of their phases is an odd multiple of a quarter of a wave. 
These results of theory have been completely confirmed by 
experiment. 

(199) Fresnel and Arago discovered, further, that two 
oppositely polarized rays will not interfere, even when their 
planes of polarization are made to coincide, unless they belong 
to a pencil, the whole of which was ori^uollj polarized in one 
plane; and that, iu the interference of rays which had un- 
dergone double refraction, half an undulation must be supposed 
to be lost or gained^ in passing from the ordinary to the extra- 
ordinary system, — just as in the transition from the reflected 
to the transmitted system, in the colours formed by thin plates. 

The principle of the allowance of half an undulation is a 
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simple consequence of the theory of transversal vibrations. 
In fact, the vibration of the wave incident on the crystal is 
resolved into two within it, at right angles to one another, one 
in the plane of the principal section, and the other in the per- 
pendicular plane. Each of these must be again resolved, in 
two fixed directions which are also perpendicular ; and it will 
easily appear from the process of resolution, that, of the four 
components into which the original vibmtion is thus resolved, 
the pair in one of the final directions must conspire^ while in 
the other they are opposed. Accordingly, if the vibrations of 
the one pair are coincident^ those of the other differ by half an 
undulation. Hence, when the plane of reflexion of the ana- 
lyzing plate coincides successively with these two positions, 
the colours (which result from the interference of the portions 
in the plane of reflexion) will be complementary. 

The former of the two laws explains the office of the 
polarizing plate in the phenomena. To account mechani- 
cally for the non-interference of the two pencils, when the 
light incident upon the crystal is unpolarized, we may regard 
a ray of common light as composed of two rays of equal inten- 
sity, oppositely polarized,* and whose vibrations are therefore 
perpendicular. Each of these vibrations, when resolved into 
two within the crystal, and these two again resolved in the 



* More properly, a ray of common light must be regarded as composed 
of an indefinite number of rays polarized in all azimuths ; so that if any two 
planes be assumed at right angles, there will be an equal quantity of light 
actually polarized in each. Ordinary light, in fact, consists of a series of 
systems of waves, in each of which the vibratidns arc different ;■ the different 
systems succeeding one another so rapidly, that, in a moderate time, as many 
vibrations take place' in any one plane, as in another at right angles to it. 
But the phenomena of interference, exhibited by common light, compel us also 
to admit (as Mr. Airy has observed) that the vibrations do not change con- 
tinually ; and that in each system of waves there are, probably, several hun^ 
dred vibrations which are all similar, — although the vibrations constituting 
one system bear no relation to those of another, and the different systems 
succeed one another with such rapidity as to obliterate all trace of polari- 
zation. 
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plane of reflexion of the analyzing plate, will exhibit the phe- 
nomena of interference. But the interval of retard&tion will 
differ by half a wave in the two cases ; the tints produced will 
therefore be complementary, and the light resulting from their 
union will be of a uniform whiteness.* 

(200) These laws of interference being kept in mind, the 
reason of all the phenomena is apparent. The ray is origi- 
nally polarized in a single plane, by means of the polarizing 
plate. It is then divided into two within the crystal, which 
are polarized in opposite planes ; and these are finally reduced 
to the same plane by means of the analyzing plate. The two 
pencils will therefore interfere; and the resulting tint will 
depend on the retardation of one of the rays behind the other, 
produced by the difference of the velocities with which they 
traverse the crystal. 

It has been shown, that the difference between the re- 
ciprocals of the squares of the velocities, with which the two 
rays traverse the crystal, is proportional to the product of the 
sines of the angles which their direction makes with the optic 
axes ; or, that if v and v denote the velocities of the two rays, 
01 and w' the angles which their direction makes with the two 

axes, 

v"* - w''* = c sin 01 sin w'. 

But if t and t' denote the times occupied by the two rays in 
traversing the crystal, and the thickness actually traversed. 



* We have here supposed the resulting light to be simply the sum of the 
lights derived from each of the portions int-o which the original light was 
supposed to be resolved, without reference to their phase. The justice of 
this assumption depends upon the fact adverted to in the preceding note, — 
namely, that the two oppositely polarized portions, into which we have sup- 
posed common light to be resolved, differ in phase, — that difference continu- 
ally varying. The same thing is true, therefore, of the final components; 
so that these must be regarded as lights proceeding from different sources, 
and compound a light equal in intensity to the sum of the components. 
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— or the thickness of the plate multiplied by the secant of the 
angle of refraction, 

, ,, f'-t'^ t^H t-t' 

*^ *" fl« tie' 

Now the first factor of this product is very nearly constant ; 
we have, therefore, 

t - t' = const X sin ct> sin tj ; 

or, the interval of retardation is proportional to the product of 
the sines of the angles which the direction of the rays makes 
with the two axes, and to the thickness of the crystal tra- 
versed, jointly. When the two axes coalesce, or the crystal 
becomes uniaocal^ the retardation is proportional to the square 
of the sine of the angle which the direction makes with the 
axis. But the tint developed is measured by the interval of 
retardation ; accordingly the laws of the tints, discovered ex- 
perimentally by M. Biot, flow immediately from the theory. 

(201) It is plain that the light issuing from the crystal 
is, in general, elliptically polarized^ inasmuch as it is the re- 
sultant of two waves, in which the vibrations are at right 
angles, and differ in phase. Hence, when homogeneous light 
is used, and the emergent beam is analyzed with a double-re- 
fracting prism, the two pencils into which it is divided vary 
in intensity as the prism is turned, — neither, in general, ever 
vanishing. 

When the thickness of the crystal is such, that the difler- 
ence of phase of the two rays is an exact number of semi-un- 
dulations^ they will compound a plane-polarized ray at emer- 
gence, — ^the plane of polarization coinciding with the plane of 
primitive polarization, or making an equal angle with the prin- 
cipal section of the crystal on the other side, according as the 
difference of phase is an even or odd multiple of half a wave. 
Accordingly, one of the pencils into which the light is divided 
by the analyzing prism will vanish in two positions of its 
principal section ; and it is manifest that the successive thick- 



INTERFERENCE OF POLARIZED LIGHT. 189 

nesses of the crystalline plate at which this takes place form a 
series in arithmetical progression. 

On the other hand, when the difference of phase is a 
quarter of a wave-lengthy or an odd multiple of that quantity, 
— and when, at the same time, the principal section of the 
crystal is inclined at an angle of 45° to the plane of primitive 
polarization — ^the emergent light will be circularly polarized^ 
This is one of the simplest means of obtaining a circularly-po- 
larized beam ; but it has the disadvantage, that the required 
interval of phase is only exact for waves of one particular 
length, and that, therefore, the circular polarization is perfect 
only for one colour. 

(202) It has been stated (195) that the phenomena of co- 
lour are only produced when the crystalline plate is thin. In 
thick plates, where the difference of phase of the two pencils 
contains a great many wave-lengths, the tints of different orders 
come to be superposed (as in the case of Newton's rings, where 
the thickness of the plate of air is considerable), and the re- 
sulting light is white. The phenomena of colour may still, 
however, be produced in thick plates, by superposing two of 
them in such a maimer, that the ray which has the greater 
velocity in the first shall have the less in the second. We 
have only to place the plates with their principal sections per^ 
pendicvlar or parallel^ according as the crystals to which they 
belong are of the same^ or oi opposite denonynations* Thus, 
if the crystals be uniaxal, and both positive, or both negative, 
they are to be placed with their principal sections perpendi- 
cular ; and, on the other hand, these sections should be parallel, 
when one of the crystals is positive and the other negative* 
The reason of this is evident. 

(203) Let us now consider the effects produced when a 
conver^ng or diverging pencil of rays traverses a uniaxal 
crystal, in various directions inclined to the axis at small 
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angles ; and let us suppose, for simplicity, that the crystal- 
line plate is cut in a direction perpendicular to the axis. 

Let ABCD be the plate, and E the place of the eye. 
The visible portion of the emergent beam will form a cone, 
AEB, whose summit coin- 
cides with the place of the 
eye, and axis, EO, with the 
axis of the crystal. The ray 
which traverses the crystal 
in the direction of the axis, 
POE, will undergo no 
change whatever; and con- 
sequently will be reflected, or not, from the analyzing plate, 
according as the plane of reflexion there coincides with, or is 
perpendicular to, the plane of the first reflexion. But the 
other rays composing the cone will be modified in their pas- 
sage through the crystal ; and the changes which they undergo 
will depend on their inclination to the optic axis, and on the 
position of the principal section with respect to the plane of 
piimitive polarization. 

Let the circle represent the section of the emergent cone 
of rays made by the second surface of the crystal ; and let 
MM' and NN' be two lines drawn 
through its centre at right angles, 
being the intersections of the plane 
of primitive pol^ri2ation, and of 
the perpendicular plane, respec- 
tively, with the surface. Now 
the rays which emerge at any 
point of these lines will not be di- 
vided into two within the crystal, 
nor will their planes of polarization 

be altered ; because the principal section of the crystal, for 
these rays, in the one case coincides with the plane of primi- 
tive polarization, and in the other is perpendicular to iti 
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These rays tlierefore will be reflected, or not, from the ana- 
lyzing plate, according as the plane of reflexion there coincides 
with, or is perpendicular to, the plane of the first reflexion. 
In the latter case, therefore, a black cross will be displayed 
on the field, and in the former a white one, — aa is represented 
in the annexed diagrams. 




But the case is different with the rays which emerge Ht 
any other point, such as L, The principal section of the crys- 
tal for this ray, OL, neither coincides with, nor is perpendi- 
cular to, the plane of primitive polarization ; and consequently 
the incident polarized ray will be divided into two within the 
crystal, whose planes of polarization are parallel and perpendi- 
cular to OL, respectively. The vibratioDs in these two rays 
are reduced to the same plane by means of the analyzing plate: 
they will therefore interfere, and the extent of that interfer- 
ence will depend on their diflerence of phase. 

Now the diflerence of phase of the two rays depends on the 
interval of retardation. When this interval is an odd multiple 
of half an imdulation, the two rays are in complete discord- 
ance ; and, on the other hand, they are in complete accords 
ance when it is an even multiple of the same quantity. 
We have seen (200) that, for a given plate, the interval of 
retardation is proportional to the square of the sine of the 
angle which the ray makes with the optic axis within the 
crystal. It may be easily shown that the sine of this angle 
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18 very nearly proportional to the sine of the angle LEO 
(see first fig. p. 190), which the emergent ray makes with 
the axis ; and this latter to LO, the distance of the point of 
emergence from the centre. The retardation therefore varies 
as the square of the distance LO ; and consequently the suc- 
cessive dark and bright lines will be arranged in circles, (as 
represented in the preceding diagrams) the squares of whose 
radii are in arithmetical progression. 

We have been speaking hitherto of homogeneous light. 
When white or compound light is used, the rings of different 
colours will be partially superposed, and the result will be a 
series of iris-coloured rings separated by dark intervals. All 
the phenomena, in fact, with the exception of the cross, are 
similar to those of Newton's rings; and we now see that they 
are both cases of the fertile principle of interference. These 
rings are exhibited even in thick crystals, because the difference 
of the velocities of the two pencils is very small for rays 
slightly inclined to the optic axis. 

(204) Let us now consider briefly the case ofbiaxal crys- 
tals. 

Let a plate of such a crystal be cut perpendicularly to the 
line bisecting the optic axes, and let it be interposed, as be- 
fore, between the polarizing and analyzing plates. In this 
case the bright and dark bands will no longer be disposed in 
circles, as in the former, but will form curves which are sym- 
metric with respect to the lines drawn from the eye in the 
direction of the two axes ; the points of the same band 
being those for which the interval of retardation of the two 
rays, t-fy is the same. Now this interval is proportional 
to the product of the sines of the angles which the direc- 
tion of the rays makes with the optic axes (200) ; and these 
sines are, very nearly, as the distances of the points of emer- 
gence (measured on the face of the crystal) from the projec- 
tions of the optic axes. Hence the product of these distances 
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wilt be conBtant for all the points of the same curve. The 
curve formed by each band is therefore the lemnueata of Jamea 
Bemouilli, — the fimd&mental property of which is, that the 
product of the nidu vectores, drawn from any point to two 
fixed poles, is « constant quantity. 

The exaotnefs of this law has been verified, is the most 
oonplete maoper, by the measuremeBts of ^ Johu Henchel. 
Hie oonatant varies from one onrve to another, — being [»o- 
portdonal to the interval of retArdati(ai» and increwug there- 
fore as the qqmbera of the natural series for the successive 
dark bonds. For different phAe^ of the same substance, the 
oonfitont is inversely as the thickness. 

The annexed diagnune represent the systems of rings in a 
biaxal orystal whose axes form a small angle with one another, 
in two portions of the crystalline plate, the planes of polari- 
zation of the polarizing and analysing plates being at right 
angles. 




The form of the dark bnukes, which cross the entire sys- 
tem of rings, is determined by the law which governs the 
planes of polarization of the emergent rays. There is no dif- 
ficulty in showing, on the principles of Freanel's theory, that 
two such dark curves, in general, pass through each pole ; 
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and that they are rectangular htfperbolasy whose common centre 
is the middle point of the line which connects the projections 
of the two axes. 

(205) The phenomena of depolarization and of colour, 
impressed by double-refracting substances upon the trans- 
mitted light, are, we have seen, the necessary results of the 
interference of the two pencils into which the light is divided 
within them. These properties, therefore, become distinctive 
characters of the double-refracting structure ; and thus enable 
us to discover the existence, and to trace the laws, of that 
structure, even in substances in which the separation of the 
two pencils is too minute to be directly observed. By such 
means it has been discovered that a double refracting structure 
may be communicated to bodies which do not possess it na- 
turally, by mechanical compression or dilatation. Thus Sir 
David Brewster observed, that when pressure was applied to 
the opposite faces of a parallelopiped of glass, it developed 
a tint in polarized light, like a plate of double-refracting crys- 
tal ; and the tint descended in the scale as the pressure was 
augmented. Single-refracting crystals, — such as muriate of 
soda, and fluor spar, — acquired the property of double refrac- 
tion by the same means. 

The opposite effects of compression and dilatation may be 
very well seen, and studied, in a thick plate of glass bent by 
an external force. The entire mass of the plate is thus thrown 
into an altered state of density, the parts towards the convex 
side of the plate being dilated^ and those towards the concave 
side compressed ; while, about the middle of the thickness, 
there is a surface in which the particles are in their natural 
state. Accordingly, when this body is interposed between 
the polarizing and analyzing plates, so as to form an angle of 
45® with the plane of primitive polarization, two sets of co- 
loured bands are seen, separated by a neutral line ; and these 
vanish altogether when the compressing force is withdrawn. 
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The parts towards the convex, or dilated side of the neutral 
line, are found to have acquired a positive double-refracting 
structure, and those on the concave, or compressed side, a ne^ 
gative one. 

In these cases of induced double refraction, the pheno- 
mena are related to the foim of the entire mass ; and the axes 
of double refraction are single lines within the substance, fixed 
in position, as well as direction. In this respect the pheno- 
mena are essentially difierent from those produced by regviar 
crystals, in which the laws of the double refraction depend 
solely on the direction, and are the same in all parts of the 
substance. 

(206) The phenomena described in the preceding article 
are in perfect accordance with the wave-theory. Owing to 
the connexion of the yibrating medium with the solid in 
which it is contained, its elastidty is rendered unequal in 
different directions by the effects of compression, the maxi- 
mum and minimum of elasticity corresponding to the direc- 
tions oi greatest and least pressure. Accordingly the vibra- 
tions of the ray, on entering the substance, are resolved into 
two in these directions, and these are propagated with unequal 
velocities. The inddent wave will therefore be separated into 
two within the medium, one of which will be in advance of 
the other, and these will be in different phases of vibration 
at emergmce. The resolved parts of the vibrations, in the 
plane of reflexion of the analyzing plate, will accordingly in- 
terfere, and the tint developed will be determined by the in- 
terval of retardation. 

These results of theory were experimentally confirmed by 
Fresnel ; and he foimd that the velocity with which a ray 
traversed the glass was greater or less, according as its plane 
of polarization coincided with, or was perpendicular to, the line 
in which the pressure was exerted. The double refraction of 
the ray is a necessary consequence of this difference of velo« 

o2 
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cities: but this was also established by Fresnel by direct 
experiment. A series of glass prisms were placed together, 
with their refracting angles alternately in opposite directions, 
and the ends of the alternate prisms were powerfully pressed 
by screws. A ray transmitted through the combination was 
found to be divided into two oppositely polarized* The com* 
pressed prisms, in this arrangement, acquired a double-refiract^ 
ing structure, the axis of pressure being also the axis of double 
refraction ; and their refracting angles being all turned in the 
same direction, the divergence of the two rays was increased 
in proportion to their number, and thus rendered sensible. 
The intermediate prisms served to correct the deviation, and 
to render the combination achromatic. 

(207) The effects of unequal density and elasticity may 
be much more regularly produced by the application of heat. 
These effects may be studied by applying a bar of hot iron to 
the edge of a rectangular plate of glass, and placing it in the 
polarizing apparatus, so that the heated edge may form an 
angle of 45° with the plane of primitive polarization. At the 
end of some time, the whole surface of the plate will be ob- 
served to be covered with coloured bands, the parts near the 
opposite edges having acquired a positive double-refracting 
structure, and those near the centre a negative one. The 
effects are reversed when a plate of glass, uniformly heated, is 
rapidly cooled at one of its edges ; and all the appear- 
ances vanish when the glass acquires the same temperature 
throughout. 

If we transmit heat from the surface to the axis of a 
glass cylinder, by immersing it in heated oil, it will display a 
system of rings similar to those of a negative crystal with one 
axis, the axis of the cylinder being also the axis of double 
refraction. When the heat reaches the axis, the double re- 
fraction begins to weaken ; and the colours disappear altoge- 
ther when the glass is uniformly heated. Again, if the cylin- 
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der, when in this state, be made to cool rapidly by surrounding 
it with a good conductor of heat, it will transiently assume 
the opposite character of s^ positive double-refiucting crystal; 
and when it is restored to a uniform temperature throughout, all 
traces of double refraction again disappear. If we employ an 
elliptic cylinder, instead of a circular one, in the experiment 
just described, it will exhibit the coloured curves formed by a 
biaxal crystal : and the phenomena may be endlessly varied 
by varying the form of the glass to which the lieat is applied. 
If now, by any means, the glass be arrested in one of these 
transient states, it will acquire & permanent double-refracting 
structure. This has been accomplished by reusing it to a red 
heat, and then cooling it rapidly at the edges. For, as the 
outer parts, which are thus more condensed, assume a fixed 
form in cooling, the interior parts must accommodate themselves 
to that fOTm, and therefore retain a state of unequal density. 
The law of density, and therefore the double-re&acting struc- 
ture, will depend on the external form ; and it is accordingly 
found that the coloured bands and patches, which such bodies 
display in polarized light, assume a regular arrangement vary- 
ing with the shape of the mass. 

(208) As the double-re&acting structure is communicated 
to bodies which do not possess it naturally, by mechanical 
compression, or unequal temperature, — so, by the same means, 
that structure may be altered in the bodies in which it already 
resides. Thus Sir David Brewster and M. Biot found that 
the double refraction of regular crystals may be altered, and 
the tints they display made to rise or descend in the scale, by 
simple pressure* 

But the changes induced by lieat are more remarkable. 
Professor Mitscherlich discovered the important &ct, that 
heat dilates crystals differently in different directionsy and so 
alters their form; and their double-refracting properties are 
found to undergo correspondiug changes. Thus, Iceland spar 
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is dilated by heat in the direction of its axis ; while it actually 
contracts, by a small amount, in directions perpendicular to it. 
The angles of the primitive form thus vary, the rhomboid 
becoming less obtuse, and approaching the form of the cube, — 
in crystals of which form there is no double refraction (69). 
Professor Mitscherlich accordingly conjectured, that the dou- 
ble-refracting energy of the crystal must, in these circum- 
stances, be diminished ; and the conjecture was verified by 
experiment. In fact, the extraordinary index in Iceland spar 
is found to increase considerably with the temperature, while 
the ordinary index undergoes little or no change. 

We have seen (186) that the inclination of the optic axes, in 
biaxal crystals, is a simple function of the three principal elas- 
ticities of the vibrating medium, and that the plane of the axes is 
that of the greatest and least elasticities. If, then, these elasti- 
cities be altered by heat in different proportions, the inclination 
of the axes will likewise vary ; and it may even happen that 
the plane of the axes will shift to a position at right angles to 
that which it formerly occupied. All these variations have 
been actually observed. Professor Mitscherlich found that, 
in stUphate of limey the angle between the axes (which is about 
60^ at the ordinary temperature) diminishes on the applica- 
tion of heat ; that, as the temperature increases, these axes 
approach imtil they unite ; and that, on a still further augmen- 
tation of heat, they again separate, and open out in a perpen- 
dicular plane. Heat is found to dilate this crystal more in 
one direction than in another perpendicular to it. 
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CHAPTER XIII. 

ROTATORY POLARIZATION. 

(209) In the phenomena hitherto considered, the changes 
in the plane of pohirizationy which a polarized ray undergoes 
in reflexion or refraction, are determinate in amomit, and are 
wholly independent of the distances traversed by the ray in 
either medium. There are certain cases, however, in which 
the change of the plane of polarization increases with the 
thickness of the medium traversed ; and the plane is made to 
revolve, sometimes from left to right (like the hands on the dial- 
plate of a clock), and sometimes in the opposite direction. 
This remarkable phenomenon was first observed by Arago. 

When a polarized ray, of any simple colour, traverses a 
plate of Iceland spar, beryl, or any other uniaxal crystal, in 
the direction of its axisy it suffers no change of any kind. 
But when the ray traverses in the same manner a plate 
of rock-crystaly its plane of polarization is found to be altered 
at emergence ; and the change increases with the thickness of 
the plate. In some crystals of this substance, the plane 
of polarization is turned from left to rights while in others it 
is turned in an op/>o«ito direction; and the crystak themselves 
are called right-handed or left-handed^ according as they pro^ 
duce one or other of these effects. 

(210) The phenomena of rotatory polarization in rock- 
crystal were analyzed with great diligence and success by M. 
Biot, and were reduced by him to the following general 
laws. 

I. In different plates of the same crystal, the rotation of 
the plane of polarization is always proportional to the thickness 
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of the plate. The same thing holds, very nearly, in plates of 
different crystals. 

II. When two plates are superposed, the effect produced 
is, very nearly, the same as that which would be produced by 
a single plate, whose thickness is the sum or difference of the 
thicknesses of the two plates, according as they are of the same 
or of opposite denominations. 

III. The rotation of the plane of polarization is different 
for the different rays of the spectrum, .and increases with 
their re&angibility • For a given plate, the angle of rotation 
is ifweTsdy as the square of the length of the wave. Thus, the 
angle of rotation, produced by a plate of rock-crystal whose 
thickness is a millimetre is 17i° for the extreme red of the 
spectrum, 30^ for the rays of mean refiangibility, and 44^ for 
the extreme violet. 

Since the rays of different colours emerge polarized in 
different planes, it follows that if a beam of white light be let 
fall upon the crystal, and be received afler emergence upon 
an analyzing plate, this will reflect a portion <^ the light in 
every position of the plane of reflexion ; and this light will 
be beautifully coloured, the colour varying with the thickness 
of the crystal, and the position oithe analyzing plate* For 
the analyzing plate will reflect the rays of different colours in 
different proportions^ depending on the positions of their planes 
of polarization with respect to ihe plane of reflexion ; and the 
resulting colour will be a compound tint, which can be easily 
estimated. 

(211) The curious distinction, which was found to sub- 
sist between different spedmens of rock-crystal, has been con- 
nected by Sir John Herschel with a difference of crystalline 
form. The ordinary form of the crystal of quartz is the 
six-sided prism terminated by the six-sided pyramid. The 
solid angles, formed at the junction of the pyramid and prism, 
are sometimes replaced by small secondary planes, which are 



ROTATORY POLARIZATION. 201 

obliqiie with reference to the original planes of the crystal ; 
and the form of the crystal is then csiled plagiedraL In the 
same crystal these planes lean all in the same direction ; and 
it is found that^ when that direction is lo ^ right (the 9fez 
of the pyramid beii^ uppennost), the crystal is right-handed ; 
and that» on the contrary, it is lefirAandedj when the planes 
lean in the oj^K>fflte way- 
Sir David Brewster subsequently disooyered that the ame- 
thystf or violet quarts, is made up of alternate lagers of right- 
handed and left-handed quartz. This remarkable struotare 
may be txaced in the fiacture of the mineral ; £ir the. edges 
of the layers crop auty and give to the fiactuxe the undulating 
appearance which is peculiar to this mineral. But the struc- 
ture in question is displayed in the most beautiful maimer, 
when we expose a plate of this substance to polarized light. 
The colours exhibited in p<Jaiized light likewise reyeal the 
existence of crystals of quartz penetrating others in various 
directions, when no strias, or other external appearances, in- 
dicate their presence. 

c 

(212) The connexion between tile rotation of the plane of 
polarizaticm and the crystalline form, discovered by % John 
Hersehel in quartz, has since been obs^Ysd in other sub- 
staiices. M» Pastear has reoentiy found that €arterieacM/, and 
tiie tartrates^ which are all jdagiedral in tile same directitm, 
likewise deviate the plane of polarization to the same aide. 
On the other hand, para^tartaric aeidy and the para-tariratesj 
wMoh have tiie same general form, are for the most part not 
piagiedral ; while, in those salts of this dass which are so, the 
ftoettes of the <srystids are indmed sometimes to tiie right, 
imd sometimes to the left, — andtiiis difference isfoundtoenst 
even in crystals belonging to the same specimen. M. Pasteur 
has found, acc(»rdingly, that the salts of the former class have 
no effect upon tiie plane of polarization; while those of the 
latter deviate 1^ plane of polarization in the same <hre<^ian 
as the &cettes of the crystal. 
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This remarkable distinction among the para-tartrates has 
been traced hj the same observer to their chemical composi- 
tion. He has discovered that parartartaric acid is composed of 
two distinct adds, which have the same general crystalline 
form ; but which differ in this, that in one of themthefacettes 
of the crystab are inclined to the right, and in the other to the 
lefl. These acids (one of which is the ordinary tartaric acid) 
accordingly deviate the plane of polarization — the former to the 
rigkty and the latter to the lefty and by the same amomit ; and 
the difference in the optical properties of different specimens of 
the compound acid, and its salts, arises from the predominance 
of one or other of the component elements. 

(213) The phenomena of rotatory polarization in rock- 
crystal, have been accoimted for by the interference of two 
circularly polarized pencils, which are propagated along the 
axis with unequal velocities, one revolving from left to right, 
and the other in the opposite direction. 

For a plane polarized tb,j is equivalent to two circularly 
polarized rays of half the intensity, in which the vibrations are 
in opposite directions. When a plane polarized ray, therefore, 
is incident perpendicularly upon a plate of rock-crystal, cut 
perpendicularly to the axis, it may be resolved into two such 
circularly polarized rays ; and as these are supposed to be trans- 
mitted with different velocities, one of them will be in advance 
of the other when they assume a common velocity at emer- 
gence. They then compound a single ray, polarized in a sin- 
gle plane ; and this plane, it can be shown, is removed from 
the plane of primitive polarization by an angle proportional to 
the interval of retardation, and therefore to the thickness of 
the crystal. 

Thus the laws of rotatory polarization are completely ex- 
plained ; and it only remains to prove the truth of the as- 
sumption, that two circularly polarized pencils, whose vibn^ 
tions are in opposite directions, are actually transmitted along 
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the axis of quartz with different velocities. This supposition 
is easily put to the test of experiment ; since such i difference 
of velocity must produce a difference of refraction, when the 
surface of emergence is oblique to the direction of the ray. 
According to this hypothesis, therefore, a polarized ray trans- 
mitted through a prism of rock-crystal, in the direction of the 
optic axis, should undergo double refraction at emergence ; and 
the two pencils into which it is divided should be circularly 
polarized. This has been completely verified by Fresnel, by 
means of an achromatic combination of right-handed and left- 
handed prisms, arranged so as to double the separation ; and 
he has shown that the two pencils are neither common nor 
plane-polarized light, but possess all the physical characters of 
light circularly polarized. 

(214) The relation between the rotation and double re- 
fraction of rock-crystal, in the direction of its axis, has been 
very simply deduced by M. Babinet. 

Let V and v denote the velocities of the ordinary and extrar 
ordinary waves in the direction of the axis of the crystal ; fc 
and II the corresponding refractive indices ; then 

But, if be the thickness of the crystal, and S the interval of 

retardation of the two waves after traversing it, the second 

member of the preceding equation is obviously equal to 

S 

^ — T, or to 1 + -, 8 being very small in comparison to 0. 
u — o u 

We have therefore 



;*' = m( 






Now the angle of rotation is proportional to the interval of re- 
tardation of the two circularly polarized pencils ; and when that 
interval is equal to the length of a wave in vacuo^ the angle 



204 ROTATORY POLARIZATION. 

of rotation is 180^. Hence the interval of retardation of the 
emergent rays, corresponding to any angle of rotation, p, will 

be X -r§^i X denoting the length of the wave ; and the cor- 

responding interval within the crystal is equal to this, multi- 
plied by the velocity of propagation, or divided by the refrac- 
tive index. Hence, if p be the rotation corresponding to the 
thickness of the crystal, 0, we have 



8 = - 



X p 



II 180° • 
and substituting in the preceding formula, 

^ ^^ d 180°* 

This difference is extremely small. When » 1 milli- 
metre, the angle of rotation, p, corresponding to the rays of 
mean refrangibility, » 30°. But for these rays, X » *0005 of a 
millimetre; and therefore /x' - /i - '00008. 

(215) The phenomena hitherto described take place only 
in the direction of the axis of the crystal. Mr. Airy disco- 
vered that when a plane polarized ray is transmitted through 
rock-crystal in any direction inclined to the axis^ it is divided 
into two pencils which are elliptically polarized; the elliptical 
vibrations in the two rays being in opposite directions, and 
the greater axes of the ellipses coinciding respectively with 
the principal plane, and with the perpendicular plane. The 
ratio of the axes, in these ellipses, varies with the inclination 
of the ray to the optic axis, — ^being a ratio of equality when 
the direction of the ray coincides with the axis, and increasing 
indefinitely with its inclination to that line. With respect to 
the course of the refracted rays, Mr. Airy found that it was still 
determined by the Huygenian law ; but that the sphere and 
spheroid, which determine the velocities and directions of the 
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two rays, do not touch, as in all other known nniaxal crystals, 
—the latter surface being contained entirely within the former. 
This is a necessary consequence of the fact, that the interval 
of retardation of the two pencils does not vanish, with the in- 
clination of the ray to the optic axis. 

Mr. Airy has given an elaborate calculation, founded on 
these hypotheses, of the forms of the rings, &c., displayed by 
rock crystal in plane polarized and circularly polarized light ; 
and he has found the most striking agreement between the 
results of calculation and experiment. Among the most re- 
markable of the phenomena whose laws are thus developed, 
is that produced by the superposition of two plates of rock- 
crystal, of the same thickness, one of them being right-handed, 
and the other Id^handed. 

In order to complete the experimental investigation of this 
subject, it remained to determine the velocities of the two 
elliptically polarized rays, and the ratio of the axes of the 
ellipses, as dependent on the inclination of the rays to the 
axis of the crystal. This has been effected by M. Jamin, by 
measuring the amplitudes, and the differences of phase of the 
two component pencils, when the incident light is polarized in 
the plane of a principal section. From these data the quanti- 
ties sought are deduced by calculation. 

(216) All these complicated facts have been linked toge- 
ther, and their laws deduced, by Professor Mac Cullagfa. In 
this remarkable investigation the author sets out by assuming 
the form of the differential equations of vibratory motion in 
rock-crystal ; and from this assumed form he has deduced the 
elliptical polarization of the two pencils, — ^the law of the ellip- 
ticity as depending on the inclination of the ray to the axis, 
— ^the interval of retardation in the direction of the axis, — ^and 
the peculiar form of the wave-surface. 

The ratio of the axes of the two ellipses is found to be 
equal to unity in the direction of the axis of the crystal. In 
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all Other directions it is given by a quadratic equation whose 
constant term is equal to unity; so that this ratio has twa 
values, one of which is the reciprocal of the other. Hence the 
ratio of the axes is the same in both ellipses ; and the greater 
axis of one coincides with the smaller axis of the other. 

When the ray traverses the axis of the crystal, the rota- 
tion of the plane of polarization is given by the formula 

CB 

which comprises all the experimental laws of M. Biot (210). 
The sign of the constant factor, C, determines the direction 
of the rotation. 

It is a striking peculiarity of this theory, that it contains 
(in addition to the two refractive indices) but one constant, 
— and that this constant having been determined, from the 
known angles of rotation when the ray traverses the axis of 
the crystal, the ratio of the axes of the ellipses may be calcu- 
lated, when the ray is inclined by any angle to the axis. 
The author has applied this calculation to the observations of 
Mr. Airy, and has found the calculated and observed results 
to agree. 

(217) MM. Biot and Seebeck discovered that some of the 
liqtddsy and even of the vapours, possess the same property as 
quartz in the direction of its axis, and impress a rotation on 
the plane of polarization of the intromitted ray, which is pro- 
portional to the thickness of the substance traversed. The fact 
is easily observed by transmitting a polarized ray through a 
long tube filled with the liquid, and closed at each end by 
parallel plates of glass ; and analyzing the emergent ray by a 
double-refracting prism. Among the liquids possessing this 
property are oil qfturpentincy oil of lemony solution of sugar in 
water, solution of camphor in alcohol, &c. The first-mentioned 
of these liquids is right-handed, and the others left-handed. 
They all possess the property in a much feebler, degree than 
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quartz; so that the ray must traverse a much greater thickness 
of the substance, in order to have its plane of polarization al- 
tered by the same amoimt. Thus a plate of rock-crystal, whose 
thickness is one millimetre, rotates the plane of polarization of 
the red ray through an arc of about 18^ ; a plate of oil of tur- 
pentine, of the same thickness, turns the plane of polariza- 
tion only through a quarter of a degree. 

The rotatory liquids do not lose their peculiar power (ex- 
cept in degree) by dilution with other liquids not possessing 
the property; and they retain it, even in the state of vapour. 
From these and other facts, M. Biot concludes that this pro- 
perty, in liquids, is inherent in their ultimate particles. In 
this respect the rotatory liquids are essentially distinguished 
from rock-crystal, which is found to lose the property when 
it loses its crystalline arrangement. Thus, Sir John Her- 
schel observed, that quartz held in solution by potash (liquor 
of flints) did not possess the rotatory power ; and the same 
thing has been -remarked by Sir David Brewster ¥rith re- 
spect to fused quartz. 

(218) When two or more liquids possessing this property 
are mixed together, the rotation produced by the mixture is 
always the sum, or the diflerence, of the rotations produced 
by the ingredients, in thicknesses proportional to the volumes 
in which they enter the mixture, according as the liquids are 
of the same or of contrary denominations. The same law 
holds good in many cases in which the liquids are chemically 
united. 

M. Biot has made an important application of this prin- 
ciple to the analysis of compounds, containing a substance 
possessing the rotatory power combined "with others which 
are neutral^ — ^the quantity of which in the compound may 
(by the principle just stated) be determined, by observing 
the optical effects of the mixture. This application has 
been found of much industrial value, in the case of the sac- 
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eharme solutions ; and a very ingeniooB apparatus, called the 
sacchartmeter^ has been devised by M. Soleil for the purpose. 
Thia instrument is founded on the principle, that the rotatory 
solutions follow the same laws as rock-crystal, in their action 
upon the light of different colours; so that it is possible to 
compensate the effect of the solution by a plate of rock-crys- 
tal of a suitable thickness, and of the opposite action. 
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for Parochial Assessment and Enfranchise- 
ment of Copyholds, under the recent Acts of 
Parliament. By Bobebt Bakxb, Land- 
Agent and Valuer. 8to. 10s. 6d. 

Black's Practical Treaflse on Brewing, 

based on Chemical and Economical Princi- 
ples : With Formule for Public Brewers, and 
Instructions for Private Families. New 
Edition, with Additions. Sto. lOs. 6d. 

Blaine's Encyclopadia of Rural Sports ; 

or, a complete Account, Historical, Prac- 
%\caX^ and DescriptiTe, of Hunting, Shooting, 
Fishing, Bacing, &c. New Edition^ revised 
and corrected; with above 600 Woodcut 
Illustrations, including 20 from Designs by 
John Leeoh. 8to. price 42s. half-bound. 

Bloomfield. — The Greek Testament, 

with copious English Notes, Critical, Phi- 
lological, and Explanatory. Especially 
adapted to the use of Theological Students 
and Ministers. By the Ber. S. T. Blook- 
PIELD, D.D., F.S.A. Ninth Edition, revised. 
2 vols. 8vo. with Map, price £2. 8s. 

Dr. Bloomfleld's Critioal Annotations on the 
New Testament, being a Supplemental Vol- 
ume to the Ninth E(htion. 8vo. 148. 

Dr. Bloomfield's College and School Edition of 
the Greek Testament : With brief English 
Notes, chiefly Philological and Explanatory. 
Seventh Edition. Fcp. 8vo. 7s. 6d. 

Dr. Bloomfield's College'^and School Lexicon 
to the Greek Testament. Third Edition, 
carefully revised. Fcp. 8vo. 7s. 6d. 

Boase.-The Pkllosophy of Nature : a 

Systematic Treatise on the Causes and Laws 
of Natural Phenomena. By Hbnbt S. 
BOABE, M.D., F.R.S., and a.S. 8vo. 12s. 

Bourne/— A Treatise on the Steam- 

Engine, in its Application to Mines, Mills, 
Steam-Navigation, and Railways. By the 
Artisan Club. Edited by John BotrEWE,C.E. 
New and greatly improved Edition ; with 
numerous Steel Plates and Wood Engrav- 
ings. 4to. [Nearlff ready, 

Bonme'i Catechism of the Steam -Engine 
in its various Applications to Mines, Mills, 
Steam-Navigation, Bailways, and Agricul- 
ture: With Practical instructions for the 
Manufacture and Management of Engines of 
every class, and 89 Woodcuts. Fop. 8vo. Os. 



Boyd. — A Manual for Naval Cadets. 

Published with the sanction and approval 
of the Lords Commissioners of the Admi- 
ralty. By JoHK M*Neill Boyd, Captain 
B.N. Second Edition ; with 258 Illustra- 
tions (13 coloured). Fcp. 8vo. 12s. 6d. 

Brands.— A Dictionary of Science, Lite- 
rature, and Art : Comprising the History, 
Description, and Scientific Principles of 
every Branch of Human Knowledge ; vrith 
the Derivation and Definition of all the 
Terms in general use. Edited by W. T. 
BRAinoi, F.B.S.L. and E. ; assisted by Db. 
J. Cautin. Third Edition, revised and cor- 
rected ; with numerous Woodcuts. 8to. 6O0. 

Professor Brando's Lectures on Organic 

Chemistry, as applied to Manufactures ; 
including Dyeing, Bleaching, Calico-Print- 
iug, Sugar-Manufiicture, the Preservation 
of Wood, Tanning, &c. ; delivered before the 
Members of the Boyal Institution. Edited 
by J. SooEFEBN, M.B. Fcp. 8vo. with 
Woodcuts, price 7s. 6d. 

Bray.— The Education of the Feelings 

or Affections. By Chables B&ay. Third 
Edition, revised and enlarged. 8vo. 6s. 

Brewer. — An Atlas of History and Geo- 
graphy, from the Commencement of the 
Christian Era to the Present Time : Com- 
prising a Series of Sixteen coloured Maps, 
arranged in Chronological Order, with Illus- 
trative Memoirs. By the Bev. J. S. Bbeweb, 
M.A., Professor of English History and 
Literature in King's College, London. 
Boyai 8vo. 12b. 6d. half-bound. 

Brialmont and Gleig's Life of Wellington. 

History of the Life of Arthur Duke of 
Wellington : the Military Memoirs from 
the French of Captain Bbtalmont, with 
Additions and Emendations ; the Political 
and Social Life by the Bev. Q-. B. G-leig, 
M.A. With Maps, Plans of Battles, and 
Portraits. 4 vols. 8vo. £2. 14s. 

Brodie. — Psychological Inquiries, in a 

Series of Essays intended to illustrate the 
Influence of tne Physical Organisation on 
the Mental Faculties. By Sir Benjamin C. 
BE0DiB,Bart. Third Edition. Fcp.8vo.5s. 

Dr. Thomas Bull on the Maternal Ma- 
nagement of Children in Health and Disease. 
New Edition. Fcp. 8vo. 6s. 

Dr. Ball's Hints to Mothers on the Manage- 
ment of their Health during the Period of 
Pregnancy and in the Lying-in Boom : With 
an Exposure of Popular Errors in connexion 
with those subjects, Ac. 5 and Hints upon 
Nursing. New Edition. Fcp. 8to. $s. 
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Bnnsen. -— Christianity and Mankind, 

their Beginnings and Prospects. Bj 
Baron C. C. J. Bxjksbk, D.D., D.O.L., D.Ph. 
Being a New Edition, corrected, remodelled, 
and extended, of Hippolytut and hit Age, 
7 Yols. 8to. £5. 5s. — Or in 8 Sections : 

1. Hippolytus and his Afc; or, the Beginnings 
and Prospects of Chnstianity. 2 vols. 8to. 
price jffl. lOs. 

2. Oatline of the Philosophy of Universal History 
applied to Languag:e and Reli^on: Containing 
an Account ox the Alphabetical Conferences. 

2 vols. 8vo. price j^l. ISs. 

3. Analecta Ante-Nicaena. 3 vols. 8yo. price ^62, 2s. 

Bnnsen. — Lyra Germanica. Translated 

from the German by Gathsbive Wiiac- 
woBTH. FiBST Sebibs, Hymns for the Sun- 
days and chief Festiyals of the Christian 
Year. Second Sebies, the Christian Life. 
Fcp. 8to. price 5d. each Series. 

An Edition of the Fibst Sebxes of Lpra 
GermanieOy with Illustrations from Original 
Designs bj John Lbighton, F.S.A., engrayed 
on Wood under his superintendence. Fcp. 4to. 
price 21s. 

HYMNS from Lyra Germanica 18mo. Is. 

*** These seleotiont of German Hymns hsTe been made 
from o(dlectionB pablished in Genuaoy by Baron Bmrsxir; 
and form companion volumes to 

Theologia Oermanica: Translated by Soianna 
WiNKWOBTH. With a Preface by the Eey. 
Ohableb Kingslef ; and a L etter by Baron 
BuNSEN. Fcp. 8yo. 5b. 

Bnnsen. — Egypt's Place in Universal 

History: An Historical Inyestigation, in 
Fiye Books. By Baron 0. 0. J. Bvksbv, 
D.D., D.C.L., D.Ph. Transited from the 
German by C . H. Cottbell, Esq., M.A. 
With many lUustrationB. 4 yols. 8yo. 
pnoe £5. 8s. 

Banting.— The Life of Jabez Bunting, 

P.D. : With Notices of contemporary Per- 
sons and Eyents. By his Son, Thohas 
Pebcital Bunting. Vol. I. Third Thow 
sand, with Two Portraits and a Vignette, 
in post 870. price 7s. 6d. cloth; or (iarge 
paper and Proof Engravings) in square crown 
8yo. lOs. 6d. 

Banyan's Pilgrim's Progress : With 126 

Illustrations engrayed on Steel and on Wood 
from Original Designs by Charles Bennett ; 
and a Preface by the Bey. Chableb Kings- 
let. Fcp. 4to. 21s. cloth; or Sis. 6d. 
bound in morocco. 

Borke. — Vicissitudes of Families. By 

Sir Bebnabd Bubee, Ulster King of Arms. 
Fibst and Ssoond Sxbus, crown 8yo. price 
L 12s. 6d. each. 



Burton.— The Lake Regions of Central 

Africa; A Picture of Exploration. By 
Biohabd F. Bitbton, Captam H.M. Indian 
Army ; Fellow and Gold Medallist of the 
Boyal Geographical Society. With Map 
and numerous Illustrations on Wood and in 
Chromo-zylography. 2 yols. 8yo. 31s. 6d. 

Captain Burton's First Footsteps in East 

Africa; or, an Exploration of Hurar. With 
Maps and coloured Plates. 8yo. 18s. 

Captain Burton's Personal Narrative of 

a Pilgrimage to £1 Medinah and Meocah. 
Second Edition, reyised; with coloured Plates 
and Woodcuts. 2 yols. crown 8vo. 248. 

Bishop Butler's General Atlas of Modem 

and Ancient C^graphy, enlarged to Fifty- 
four fuU-coloured Maps ; with complete In- 
dexes. New Edition, re-engrayed ; with Cor- 
rections from the Goyemment Suryeys and 
the most recent authentic Geographical Be- 
searches. Edited by the Author's Son, the 
Rey. T. Butleb, Bector of Langar. Boyal 
4to. 24s. half-bound. 

Butler*s Modem Atlas of 30 full- 
coloured Maps. Boyal 8fo. 

a A 1 J price 128. 

Separately \ Butler's Ancient Atlas of 24 fuU- 
ooloured Maps. Boyal 8yo. 
price 12s. 

Bishop Butler's Sketch of Modem and 

Ancient Geography. New Edition, . tho- 
roughly reyised, witn such Alterations intro- 
duced as continually pro^ressiye Discoyeries 
and the latest Inrormation haye rendered 
necessary. Edited by the Author's Son. 
Post 8yo. price 78. 6d. 

The Cabinet Lawyer : A Popular Digest 

of the Laws of England, Ciyil and Criminal ; 
with a Dictionary of Law Terms, Maxims, 
Statutes, and Judicial Antiquities ; Correct 
Tables of Assessed GDaxes, Stamp Duties, 
Excise licenses, and Post-Horse Duties; 
Post-Office Begulations ; and Prison Disci- 
pline. 18th Edition, comprising the Public 
Acts of the Session 1860. Fcp. 8yo. lOs. 6d. 

The Cabinet Gaietteer: A Popular Geogra- 
phical Dictionary of All the Countries of 

' the World. By the Author of Th€ Cabinet 
Lawyer, Fcp. 8yo. lOs. 6d. cloth. 

Calvert. — The Wife's Manual ; or, 

Prayers, Thoughts, and Songs on Several 
Occasions of a Matron's Life. By the Bey. 
W. Caltbbt, M.A. Ornamented from De- 
signs by the Author in the style of Queen 
Elizabeth's Prayer-Book, Second Edition. 
Crown 8yo. lOs. 6d. 
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Gatlow.-— Popular Gonchology; or, the 

SheU Cabinet arranged according to the 
Modem System : With a detailed Account 
of the Animalfl, and a complete Descriptiye 
List of the Families and Q«nera of Beoent 
and Fossil Shells. Bj Aonbb Oatlow. 
Second Edition, much improved ) with 405 
Woodcut Illustrations. Post 8to. price 148. 

Cats and Farlie's Book of Emblems.-^ 

Moral Emblems, with Aphorisms, Adages, 
and Proverbs of all Nations, from J. Cats 
and B. Fablib : Comprising 60 circular 
Yignettes, 60 Tail-pieces, and a Frontispiece 
composed from their works by J. Lbighton, 
F.S.A., and engraved on Wood. The Text 
translated and edited with additions bj 
BiCHABD PIOOT. Imperial 8vo. price 
81s. 6d. cloth ; or 62s. 6d. handsomely 
in morocco by Hayday, 

GecU. — The Stud Farm; or, Hints on 

Breeding Horses for the Turi^ the Chase, and 
the Boad. Addressed to Breeders of Baoe- 
Horses and Hunters, Landed Proprietors, 
and especially to Tenant Farmers. By 
CeoDj. Fcp. 8vo. with Frontispiece, 5b. 

Ceoil'8 Stable Fraotiee; or, Hints on Training 
for the Turf, the Chase, and the Boad; 
with Observations on Ilacing and Himt- 
ing, Wasting, Bace-Biding, and Handi- 
capping. Second Edition. Fcp. 8vo. with 
Plate, price 5s. half-bound. 

Chapman. — History of Gastavns Adol- 

phus and of the Thirty Years* War up to the 
King's Death : With some Account of its 
Conclusion by the Peace of Westphalia, in 
1648. By the Bev. B. Chapman, M.A., 
Vicar of Leatherhead. Svo. with Three 
Plans of Battles, 128. 6d. 

Clough.— Greek History from Themis- 

tocles to Alexander, in a Series of Lives from 
Plutarch. Bevised and arranged by A. H. 
Clofgh, sometime Fellow of Oriel College, 
Oxford. With 44 Woodcut Illustrations. 
Fcp. Svo. 6s. 

Coning^ton. — Handbook of Chemical 

Analysis, adapted to the Unitary System of 
Notation. By F. T. Conin&ton, M.A., 
F.C.S. Post Svo. Ts. 6d. Also Tables of 
Qualitative Analysis^ designed as a Com- 
panion to the Handbook, price 2s. 6d. 

Connolly's History of the Boyal Sappers 

and Miners : Including the Services of the 
Corps in the Crimea and at the Siege of 
Sobastopol. Second Edition^ revised and 
enlarged ; with 17 coloured plates. 2 vols. 
Svo. price SOs, 



Conybeare and Howson.— The Life and 

Epistles of Saint Paul : Comprising a com- 
plete Biography of the Apostle, and a 
Translation of his Epistles inserted in 
Chronological Order. By the Bev. W. J. 
ComrBXABB, M.A.; and the Bev. J. S. 
HowsoN, M.A. Third Edition^ revised and 
corrected ; with several Maps and Wood- 
cuts, and 4 Plates. 2 vols, square crown 
Svo. 31s. 6d. cloth. 

%• The Original Edition, with more 
numerous Illustrations, in 2 vols. 4to. price 
48s. — may also be had. 

Dr. Copland's Dictionary of Practical 

Medicine: Comprising General Pathology, 
the Nature and Treatment of Diseases, 
Morbid Structures, and the Disorders es- 
pecially incidental to Climates, to Sex, and 
to the different Epochs of Life ; with nume- 
i^us approved Formulss of the Medicines 
recommended. Now complete in 3 vols. 
Svo. price £6. lis. doth. 

Bishop Cotton's Instructions in the 

Doctrine and Practice of Christianity. In- 
tended chiefly as an Introduction to Confir- 
mation. Fourth Edition. 18mo. 28. 6d. 



Cresy's Encyclopsedia of Civil Engi- 
neering, Historical, Theoretical, and Prac- 
tical. Illustrated by upwards of 3,000 
Woodcuts. Second Edition^ revised and 
extended in a Supplement, comprising Me- 
tropolitan Water Supply, Drainage of 
Towns, Bailways, Cubical Proportion, Brick 
and Iron Construction, Iron Screw Piles, 
Tubular Bridges, &c. Svjd. 63s. 

Crosse.— Memorials, Scientific and Li- 
terary, of Andrew Crosse, the Electrician. 
Edited by Mrs. Cbosse. Post Svo. 9s. 6d. 

Crowe. — The History of France. By 

Etbb Evans Ceowb, Author of the His- 
iery of France in the Cabinet Cydopadia, 
An entirely new work, to be completed in 
Five Volumes. Vol. I. Svo. price 14s. j ' 
Vol. II. price 15s. 

Cruikshank. — The Life of Sir John 

Falstaff, illustrated in a Series of Twenty, 
four original Etchings by Gkorge Cruik- 
shank. Accompanied by an imaginary 
Biography by the late Bobebt B. Bsouan. 
Boyal Svo. price 123. 6d. 

Lady Gust's Invalid's Own Book: A 

Collection of Becipes &om various Books 
and various Countries. Second Edition, 
Fcp. Svo. price 2s. 6d. 
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Dale.~The Domestic Liturgy and Family 

Chaplain, in Two Parts : Past I. Church 
Serrioei adiroted for Bomestio Ufle, with 
Prayers for Every Day of the Week, selected 
from the Book of Common Prayer; Past 
II. an appropriate Sermon for Every Sunday 
in the Year. By the Bev. Thomas Dauc, 
M.A. Post 4to. 21s. cloth ; Sis. 6d. calf; 
or £2. 10s. morocco. 



Separately / Tra Familt CHipiinr. 12e. 
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The Dead Shot ; or, Sportsman's Com- 
plete G-uide : Being a Treatise on the Use of 
the Gun, with Budimentary and Finishing 
Lessons in the Art of Shooting Gttane of all 
kinds ; Dog-breaking, Pigeon-shooting ; also 
now and complete Buks for conducting 
Pigeon Matches ; and a variety of useful in- 
formation. By Mabksmak. With 6 Prac- 
tical Illustrations. Fcp. 8vo. 5s. 

De la Hive.— A Treatise on Electricity 

in Theory and Practice. By A. Bi la Bivb, 
Professor in the Academy of Geneva. Trans- 
lated for the Author by C. V. Walkeb, 
F.B.S. With numerous Woodcut Illustra- 
tions. 3 vols. 8vo. price £^, 13s. cloth. 

Domenech. — Seven Tears' Residence in 

the G-reat Deserts of North America. By 
the AbbiE Domeneoh. With a coloured 
Map, and about 60 Illustrations. 2 vols, 
8vo. £1, 168. 

The AVM Bomeneeh's Kifsionary Adventares 
in Texas and Mexico : A Personal Narrative 
of Six Years' Sojourn in those Begions. 
8vo. with Map, lOs. 6d. 

The Eclipse of Faith ; or, a Visit to a 

Beligious Sceptic. lOM JSdition, Fcp.Svo. 5s. 

Defence of The Eclipse of Paith, by its 
Authors Being a Bejoinder to Professor 
Newman's Reply, Third Edition, revised. 
Fcp. 8vo. 3s. 6d. 

Ephemera's Handbook of Anglings- 
teaching Fly-Fishing, TroUing, Bottom- 
Fishing, Salmon-Fishing : With the Natural 
History of Biver-Fish, and the best Modes 
of Catching them. Third Edition, corrected 
and improved; with Woodcuts. Fcp. 8vo.6s. 

Ephemera's Book of the Salmon: Com- 
prisinff the Theory, Principles, and Prac- 
tice of Fly-Fishing for Salmon; Lists of 
good Salmon Fhes for every good Biver in 
the Empire ; the Natural History of the 
Salmon, its Habits described, and the best 
way of . artificially Breeding it. Fcp. 8vo. 
with coloured Plates, price 14s. 



Fairbaim. — A Treatise on Mills and 

Millwork. By William Faibbaibn, F.B.S., 
"F.G-.S. With numerous Steel Plates and 
Woodcut Illustrations. 2 vols. 8vo. 

[In the press, . 

Fairbaim.— Useful Information for En- 
gineers : A First Series of Lectures delivered 
to the Working Engineers of Yorkshire and 
Lancashire. With Appendfoes, containing 
the Besults of Experimental Inquiries into 
the Strength of Materials, the Causes of 
Boiler Explosions, &c. By Williah 
Faibbaibn, F.B.S., F.G.S. Third Edition ; 
with 8 Plates of Figures and many Wood- 
cuts. Crown 8vo. price 10s. 6d. 

Second Series of Fairbairn's TTsefol Informa- 
tion for Engineers, ^W^ ready, 

Falkener.— DsBdalns; or, the Canses and 

Principles of the Excellence of G^reek Sculp- 
ture. By Edwabd Falkeiteb, Member of 
the Academy of Bologna, and of the Archseo- 
logical Institutes of Bome and Berlin. With 
numerous Illustrations. Boyal 8vo. in covers 
containing Two MedalUons, price 42s. 

Mosenm of Classioal Antiquities: a Series of 
Thirty-five Essays on Ancient Art, by va- 
rious Writers, edited by Edwabd Faliiensb. 
With 25 Plates and numerous Woodcuts. 
Hew Edition, Two Volumes in One. Impe- 
rial 8vo. 42s. 

Forester's Rambles in the Islands of 

Corsica and Sardinia: With Notices of 
their History, Antiquities, and present 
Condition. With coloured Map; and nu- 
merous Illustrations from Drawings by 
Lieut.-Col. M. A. BroDXTLPH, B.A. Im- 
perial 8vo. price 28s. 

Letters of Sir A. S. Frazer, E.G.B., 

Commanding the Boyal Horse Artilleiy 
under the Duke of Wellington: Written 
during the Peninsular and Waterloo Cam- 
paigns. Edited by Major-G-eneral Sabike, 
B.A. With Portrait, 2 Maps, and Plan. 
8vo. 188. 

Freeman and Salvin,— Falconry: Its 

Claims, History, and Practice. By the Bev. 
Gage Eablb Fbbbman, M.A. (" Peregrine" 
of the Field)} and Capt. F. H. Salviit. 
With an Appendix on Training the Otter to 
Fish ; and 7 Woodcut Illustrations of 
Hawking from Drawings by Wolf. Post 
8vo. 10*. 6fl?. 

Garratt— Marvels and Mysteries of In- 
stinct ; or, Curiosities of Animal Life. By 
Geoboe Gabbatt. Second Edition^ revised 
and improved ; with a Frontispiece. Fcp. 
8vo. price 4s. 6d. 
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plied mechanics are based 
are here very clearly ex- 
plained to those who have 
already some aoquaintance 
with' algebra and Eaclid. 
The diagrams used for il- 
lustration are plentiful and 
well drawn." Cbxiio, 



Gilbart's Logic of Banking : a Familiar 

ExpoBition of the Principles of Seasoning 
and their application to the Art and the 
Science of Banking. 12mo. with Portrait, 
price 12s. 6d« 

The Poetical Works of Oliver Goldsmith. 

Edited by Boi/roN OoBinsT, Esq. Illastrsted 
by Wood Engrayings, from. Designs by 
Members of the Etching Club. Square 
crown 8to. cloth, 2l8. $ moroooo, £1. 16s. 

Goodeve.— The Elements of Mechanism, 

designed for Students of Applied Mechanics. 

By T. M. GooDBVB, M.A., Professor of 

Natural Philosophy in King's College,London. 

With 206 Figures engrayed on Wood. Post 

8vo. 6s. 6d. 

"PROFESSOR GOOD- 
r EVE, in the BtemenU 
of Mechani$m, supplies a 
want felt by thoee who re- 
quire Bometning more ele- 
mentary than the more com- 
plete and elaborate treatise 
of Professor Willis. The 
principles upon which ap- 

Gosse. — A Naturalist's Sojourn in 

Jamaica. By P. H. Gk>sSB, Esq. With 
Plates. Post 8to. price 14s. 

Green.— Lives of the Princesses of Eng- 
land. Sy Mrs. Maby Anite EtebIstt 
Gbeen, Editor of the Letters of Boyal and 
Iliustrious Ladies, With numerous Por- 
traits. Complete in 6 vols, post 8yo. price 
10s. 6d. each. 

Greyson. — Selections from the Corre- 
spondence of B. E. H. GsBTBOir, Esq. 
Edited by the Author of The Eclipse of 
Faith, Second Edition. Crown 8yo. 78. 6d. 

Grove. — The Correlation of Physical 

Forces. By W. R. Gbove, Q.C., M.A., 
F.B.S., Ac. Third Edition. 8to. price 7s. 

Gumey.— St. Louis and Henri IV. : Being 

a Second Series of Historical Sketches. 
By the Rev. John H. Gubitet, M.A., Bector 
of St. Mary's, Marylebone, Fcp. 8to. 6s. 

Evening Recreations ; or, Samples from the 
Lecture-Room. Edited by the Rev. J. H, 
GuEKEY, M.A. Crown 8vo. 5s. 

Gwilt's Encyclopaedia of Architecture, 

Historical, Theoretical, and Practical. By 
Joseph Gwilt. With more than 1,000 
Wood Engravings, from Designs by J. S. 
GWU.T, Fourth Edition, 8vo. 42s. 

Hamilton, — Reminiscences of an Old 

^ Sportsman. By Colonel J. P. Hamilton, 
K.H., Author of Travels in the Interior of 

^Columbia, With 6 Illustrations engraved 
on Wood. 2 vols, post 8vo. 18s, 



Hare (Archdeacon).~The Life of Luther, 

in Forty-eight Historical Engravings, By 
Gttstay Edino. With Explanations by 
Archdeacon Haxb and Sttsaitka Wink- 
WOSTH, Fcp. 4to. price 28s.' 

Harford.— Life of Michael Angelo Buon- 
arroti: With Translations of many of his 
Poems and Letters ; also Memoirs of Savo- 
narola, Raphael, and Yittoria Colonna. By 
JoHK S. Habvobd, Esq., D.C.L., F.R.S. 
Second Edition^ thoroughly revised; with 
20 copperplate Engravings. 2 vols. 8vo. 25b, 

niiutratioiii, ArchiteotunJ and Pictorial, of 
the Genius of Michael Angelo Buonarroti. 
With Descriptions of the Plates, by the 
Commendatore Caioka ; C. R. Cockebsix, 
Esq., R.A. ; and J. S. Habfobd, Esq., 
D.C.L., F.R.S. Folio, 73s. 6d. half-bound. 

Harry Hieover.—Stable Talk and Table 

Talk ; or. Spectacles for Young Sportsmen. 
By Habby Hibotxb. 2 vols. 8vo. with 
Portrait, price 2^. 

Harry HiooYer.— The Hunting-Field. By Harry 
HixOYEB. Second Edition; with Two Plates. 
Fcp. 8vo. 6s. half-bound. 

Harry Hieorer. — Practieal Horsemanship. 
By Habby Hdboybb. Second Edition ; with 
2 Plates. Fop. 8vo. 5s. half-bound. 

Harry HiMT«r.— The Foeket and the Stud; or, 
Practical Hints on the Management of the 
Stable. Bj Habby Hieotbb. Third 
Edition! with Portrait of the Author. Fop. 
Sto. prioe 5s. half-bound. 

Harry Hieo7«r.— The Stud, finr Praetieal Pur- 
poses and Practical Men: Being a Ghiide 
to the Choice of a Horse for use more than 
for show. By Habby Hieoyeb. Second 
Edition ; with 2 Plates. Fcp. 8vo. price 5s. 

Hartwig.— The Sea and its Living 

Wonders. By Dr. Geobgb Habtwig. 
Translated by the Author from the Fourth 
German Edition; and embellished with 
Wood Engravings, and an entirely new se- 
ries ,of Illustrations in Chromo-xylography 
from Original Designs by Henry Noel 
Humphreys. 8vo, 18s. 

Hassall,— Adulterations Detected; or, 

Plain Instructions for the Discovery of 
Frauds in Food and Medicine. By Abthitb 
Hill Hassall, M.D. Lond., Analyst of The 
Lancet Sanitary Commission ; and Author of 
the Beports of that Commission published 
under the title of Food and its Adulterations 
(which may also be had, in 8vo. prioe 28s.) 
With 225 Illustrations, engraved on Wood. 
Crown 8vo. 17s. 6d, 
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Dr. HassaU's History of the British Fresh- 
water AlgsB : Including Descriptions of the 
Desmideee and Diatomaceso. With upwards 
of One Hundred Plates of Figures, illus- 
trating the yarious Species. 2 vols. 8yo. 
with 103 Plates, price £1. 15s. 

Col. Hawker's Instructions to Young 

Sportsmen in all that relates to Guns and 
Shooting, llth Edition, revised hj the 
Author's Son ; with Portrait and seTeral 
Illustrations. Square crown Svo. ISs. 

Haydn's Book of Dignities : Containing 

Bolls of the Official Personages of the British 
Empire, Oiyil^ Ecclesiastical, Judicial, Mili- 
tary, Nayal, and Municipal, from the Earliest 
Periods to the Present Time. Together 
with the Soyereigns of Europe, from the 
Foundation of their respective States ; the 
Peerage and Nobilitj of Great Britain ; &c. 
Being a New Edition, improved and conti- 
nued, of Beatson*s Political Index. 8yo. 
price 25s. half-bound. 

Hayward. — Biographical and Critical 

Essays, reprinted from Beyiews, with Ad- 
ditions and Corrections. By A. Hatwabd, 
Esq., Q.C. 2 vols. 8yo. price 24s. 

Hensman.— Handbook of the Constitu- 
tion : being X a short Account of the Bise, 
Progress, and Present State of the Laws of 
England. By Alfbed P. Hensmak, Bar- 
rister-at-Law. Fcp. 8yo. 4s. 

of the formation of Eneligh 
laws evinces no lees clear- 
ness and historical research 
than the statement of its 
present condition manifests 
accuracy and snccinctness. 
It differs from Lord St. 
Leonard's book in being a 
history, and not a guide for 

Sractice, but both ought 
ecidedly to go together. 
JoEir Bull. 



••l/TR. HENSMAN'S 
■ui Handbook of the Con- 
ftitution is exactly what it 
professes to be, namely, a 
short account of the rise, 
progiess, and present state 
of the laws of England. How 
such an expansive and mis- 
oeUaneous subject could be 
so ably condensed is a mar- 
vel; but Mr. Hensman has 
effected this, and the display 



Sir John Herschel.— Outlines of Astro- 
nomy. By Sib John F. W. Hebsohel, 
Bart., K.H., M.A. liflh Edition^ revised 
and corrected to the existing state of Astro- 
nomical Knowledge ; with Plates and Wood- 
cuts. 8yo. price 18s. 

Sir John Herschel's Essays from the Edin- 
hurgh and Quarterly Reviews, with Ad- 
dresses and other Pieces. Svo. price 18s. 

Hill.— Travels in Peru and Mexico. By 

S. S.Hill, Esq., Author of Travel* in Siberia, 
&c. 2 vols, post 8yo. 21s. 

Hinchliff.— Summer Months among the 

Alps : With the Ascent of Monte Bosa. 
By Thomas W. Hinchlipp, of Lincoln's 
Inn, Barrister-at-Law. With 4 tinted 
Views and 3 Maps. Post 8vo. price 10s. 6d. 



Hind. — Narrative of the Canadian Ex- 
ploring Expeditions through the Southern 
Part of Bupert*s Land, from Lake Superior 
to near the foot of the Bocky Mountains, 
including the Begion traversed by the pro- 
posed Overland Boute from Canada to 
British Columbia; with a Description of 
the Physical t3^eography, Geology, and Cli- 
mate of the Country. By Hbnet Youle 
Hind, M.A., F.R.G.S., Professor of Che- 
mistry and Geology in Trinity College, 
Toronto ; in Charge of -the Assinniboine and 
Saskatchewan Exploring Expedition. With 
Maps of the Country Explored, Geogra- 
phical and Geological ; and numerous Illus- 
trations, from Photographs, of Scenery, 
Native Races, Fossils new to Science, &c. 
2 vols. Svo. [Just ready. 

Hints on Etiquette and the Usages of 

Society: With a Glance at Bad Habits. 
New Edition, revised (with Additions) by a 
Lady of ^Etank. Fcp. 8yo. price Half-a-Crown. 

Hoare. — The Veracity of the Book of 

Genesis : with the Life and Character of the 
Inspired Historian. By the Bev. William 
H. HoAEB, M.A., late Fellow of St. John's 
College, Cambridge. Svo. 9s. 6d. 

Sir Henry Holland's Medical Notes and 

Reflections. Third Ediiioriy revised through- 
out and corrected i with some Additions. 
Svo. 18s. 

Sir H. HoUand'8 Chapters on Mental Physi- 
ology, founded chiefly on Chapters contained 
in Medical Notes and Bejlections, Second 
Edition. Post Svo. price 8s. 6d. 

Home's Introduction to the Critical 

Study and Knowledge of the Holy Scrip- 
tures. Tenth Edition, revised, corrected, 
and brought down to the present time. 
Edited by the Rev. T. Habtwbll Hobne, 
B.D. (the Author) ; the Rev. Sahitel 
Datidsok, D.D. of the University of Halle, 
and LL.D. ; S. Pbideauz Tbegelles, 
LL.D. ; and the Rev. John Ayeb, Domestic 
Chaplain to the Earl of Roden. With 4 
Maps and 22 Vignettes and Facsimiles. 4t 
vols. Svo. £3. 13s. 6d. 

%* The Four Volmnes may also be had teparately as 
follows :— 

Vol. I.— a Summary of the Evidence for the Grenuineness, 
Authenticity, Uncorrupted Preservation, and Inspiration of 
the Holy Scriptures. By the Bev. T. H. Uoskb.B.D. Svo. 

158. 

Vol. II.— The Text of the Old Tegtament considered : With 
a Treatise on Sacred Interpretation ; and a brief Introduc- 
tion to the Old Testament Books and the Apocrypha. By S. 
Datusok, D.D. (Halle) and LL.D Svo. 258. 

*«* A Xew Edition of this Volume, re-edited by the Rev. 
JoHir Aybb, Domestic Chaplain to the Earl of Itoden, is 
nearly ready 

Vol. III.— a Summary of Biblical Geography and Anti- 
quities. By the Rev. T. H. Hobkb, B.D Svo. ISs. 



Vol. rV.— An Introduction to the Textual Criticism of the 
New Testament. By the Rev. T. H. Hoknb, B.D. The 
Critical Part re-written, and the remainder revised and 
edited by S. P. Tbegelles. LL.D Svo. ISs. 

B 6 
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NEW WOBES ASS NEW EDITIONS 



Home. — - A Gompendions Introduction 

to the Studj of the Bible. By the Bey. 
T. Habtwull HoBinc, B.D. New Edition, 
with Maps and Ulustnitions. 12mo. 9s. 

Hooker,— Eew Gardens ; or, a Popular 

Guide to the Boyal Botanic Gardens of 
Eew. By Sis William Jackson Hooksb, 
E.H., &c., Director. 16mo. price Sixpence. 

Hooker and Amott.— The British Flora, 

comprising the Phsenogamous or Flowering 
Plants, and the Ferns. Seventh Edition, 
with Additions and Corrections ; and nu* 
merous Figures iUustrative of the Umbelli- 
ferous Fhmts, the Composite Plants, the 
Grasses, and the Ferns. By Sib W. J. 
HooKBB, F.B.A. and L.S., &c. ; and G. A. 
Walkeb-Aknott, LL.D., F.L.S. 12mo. 
with 12 Plafces, price 14iS. ; with the Plates 
coloured, price 21s. 

Hoskyns.— Talpa ; or, the Chronicles of 

a Clay Farm : An Agricultural Fragment. 
By Chandos Wben Hoskyns, Esq. Fourth 
Edition, With 24 Woodcuts from the 
original Designs by GEOBaB Cbuikshahe. 
16mo. price -5s. 6d. 

Howard.— Athletic and Gymnastic Ex- 
ercises : Comprising 114 Exercises and Feats 
of A'gility performed with the Parallel Bars, 
the Horizontal Bar, the Suspended Bar, the 
Suspended Bopes, and the Indian Clubs; 
preceded by a Description of the requisite 
Apparatus. With 64 Woodcuts. By John 
H. HowABD. 16mo. 7s. 6d. 



•• rpHANKS to Mr. Kings- 
■L ley and his followers, 
the importance of develop- 
in? the physical powers, 
as well as cultivating the 
mental faculties, is now re- 
cognised by most of the in- 
siructors of youth ; and since 
the rapid extension of the 
volunteer movement we are 
more likely to devote too 
mudi attention to athletic 



exercises than too little. 
The establishment of gym- 
nasiums is of great advantage 
to boys, who would be oftener 
kept out of mischief if thev 
had some recreation on which 
to expend their redundant 
energies. To all such youth- 
Ail Spartans this little vol- 
ume will be of great' assist- 



ance. 



Svs. 



Howitt;— The Children's Year. By Mary 

HowiTT. With 4 Illustrations, from De- 
signs by A. M. Howitt. Square 16mo. 58. 

Howitt. — Land, Labour, and Gold; 

or, Two Years in Victoria : With Visits to 
Sydney and Van Diemen*s Land. . Second 
Edition, Two volumes in One. Crown 
8vo. 68. 

Howitt.— Visits to Remarkable Places : 

Old Halls, Battle-Fields, and Scenes illustra- 
tive of Striking Passages in English History 
and Poetry. By William Howitt. With 
about 80 Wood Engravings. New Edition, 
•2 vols, square crown 8vo. price 25s. 



William Howitt's Boy's Country Book : 

Being the Beal Life of a Country Boj, 
written by himself ; exhibiting all the 
Amusements, Pleasures, and Pursuits of 
Children in the Country. New Edition ; 
with 40 Woodcuts. Fcp. 8vo. price 6s. 

Howitt.— The Bmal Lift of England. By 
William Howitt. New Edition, cor- 
rected and revised; with Woodcuts by 
Bewick and Williams. Medium 8vo. 21s. 

The Abbe' Hue's work on the Chinese 

. Empire, founded on Fourteen Years' Travels 
and Residence in China. New Edition^ with 
2 Woodcut Illustrations. Crown 8vo. 5s. 

Hudson's Executor's Guide. New and 

enlarged Edition, revised by the Author 
with reference to the latest reported Cases 
anfd Acts of Parliament. By J. C. Hfdson, 
late of the Legacy Duty Office, London. 
Fcp. 8vo. 6s. 

Hudson's Plain Directions for Making 

Wills in conformity with the Law. New 
Edition, corrected and revised by the 
Author ; and practically illustrated by Spe- 
cimens of Wills containing many varieties 
of Bequests, also Notes of Cases judicially 
decided since the Wills Act came into ope- 
ration. By J. C. Hudson, late of the 
Legacy Duty Office, London. Fcp. 8vo. 
2s. 6d. 

Hudson and Kennedy.— Where there 's 

a Will there *s a Way : An Ascent of Mont 
Blanc by a New Boute and Without Guides. 
By the Bev. C. Hudson, M.A., and E. S. 
Kennedy, B .A. Second Edition^ with Plate 
and Map. Post 8vo. 5s. 6d. 

Humboldt's Cosmos. Translated, with 

the Author's authority, by Mrs. Sabinb. 
Vols. I. and II. 16mo. Half-a-Crown each, 
sewed ; 8s. 6d. each, cloth : or in post 8vo. 
12s. each, cloth. YoL. III. post 8vo. 
12s. 6d. cloth : or in 16mo. Pabt I. 2s. 6d. 
sewed, 3s. 6d. cloth ; and Past II. 3s. sewed, 
4s. cloth. Vol. IV. Pabt I. post 8vo. 15s. 
cloth; and 16mo. price 7s. 6d. cloth, or 
7s. sewed. 

Humboldt's Aspects of Nature. Translated, 
with the Author's authority, by Mbs.Sabinb. 
16mo. price 6s. : or in 2 vols. 3s. 6d. each, 
cloth ; 2s. 6d. each, sewed. 

Humphreys. — Parables of Our Lord, 

illuminated and ornamented in the style of 
the Missals of the Benaissance, by Henby 
Noel Humphbeys. Square fcp. 8vo. 2l8. 
in massive carved covers j or 308. bound in 
morocco by Hayday. 
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Hunt. — Researches on. Light in its 

■ Chemical Belations ; embracing a Con- 
sideration of all the Photographic Processes. 
By BOBEBT HxrvT, E.B.S. Second Edition, 
with Plate and Woodcuts. 8to. 10s. 6d. 

Hunter's Art of Precis-Writing: An 

Introduction to the Writing of Precis or 
DigestSy as applicable to Narratives of Facts 
or Historical Events, Correspondence, Evi- 
dence, Official Documents, and General 
Composition: With numerous Examples 
and Exercises. By the Bey. John Hunteb, 
M.A., formerly Vice-Principal of the Na- 
tional Society's Training College, Battersea. 
12mo. 28.— £jsr,^'M/ ready, 

Hatchinson's Impressions of Western 

Africa : With a Beport on the Peculiarities 
of Trade up. the Bivers in the Bight of 
Biafra. Post 8to. price 8s. 6d. 

Idle's Hints on Shooting, Fishing, &c., 

both on Sea and Land, and in the Fresh- 
water Lochs of Scotland. Fcp. 8vo. 5b. 

Jacquemet's Chronology for Schools : 

Containing the most important Dates of 
Gheneral History, Political^ Ecclesiastical, 
and Literary, from the Creation of the World 
to the end of the year 1857. Edited by the 
Bey. J. Alcobk, M.A. Fcp. 8vo. 3s. 6d. 

Mrs. Jameson's Legends of the Saints 

and Martyrs, as represented in Christian Art. 
Third Edition, revised and improved ; with 
17 Etchings and upwards of 180 Woodcuts, 
many of which are new in this Edition. 
2 Yols. square crown 8vo. price 31s. 6d. 

Hri. Jameson's Legends of the Monastio 
Orders, as represented in Christian Art. 
Second Edition, enlarged ; with 11 Etch- 
ings by the Author, and 88 Woodcuts. 
Square crown 8vo. price 28s. 

Krs. Jameson's Legends of the Madonna, 
as represented in Christian Art. Second 
Edition, corrected and enlarged; with 
27 Etchings and 165 Wood Engrarings. 
Square crown 8vo. price 28s. 

Mrs. Jameson's Commonplace-Book of 

Thoughts, Memories, and Fancies, Original 
and Selected. Past I. Ethics and Character ; 
Past II. Literature and Art. Second Edit. 
revised and corrected; with Etchings and 
Woodcuts. Crown Syo. 18s. 

Mrs. Jameson's Two Lectures on the 

Social Employments of Women, — Sisters of 
Charity and the Communion of Labour, New 
Edition, with a Prefatory Letter on the 
present Condition and Requirements of the 
Women of England. Fcp. 8yo. 2s. 



Lord Jeffirey's Contrihntions to The 

Edinburgh Beview. A New Edition, com- 
plete in One Volume, with a Portrait en- 
grayed by Henry Bobinson, and a Vignette. 
Square crown Syo. 21s. cloth ; or 80s. calf. — 
Or in 8 vols. 8to. price 42s. 

Bishop Jeremy Taylor's Entire Works : 

With Life by Bishop Hebsb. Bevised and 
corrected by the Bev. Chables Pagb Eden, 
Fellow of Oriel . College, Oxford. Now 
complete in 10 vols. 8to. lOs. 6d. each. 

Keith Johnston's New Dictionary of 

Geography, Descriptiye, Physical, Statistical, 
and Historical: Forming a complete Gene- 
ral Ghizetteer of the World. New Edition^ 
revised to April 1860. In One Volume of 
1,360 pages, comprising about 50,000 Names 
of Places. 8vo. 80s. cloth; or 35s. half- 
bound in russia. 

Kane.— Wanderings of an Artist among 

the Indians of North America ; from Canada 
to Vancouver's Island and Oregon, through 
the Hudson's Bay Company's Territory, and 
back again. By Paul Kane. With Map, 
Illustrations in Colours, and Wood En- 
gravings. 8vo. 21s. 

Eemble.— The Saxons in England : A 

History of the English Commonwealth till 
the Norman Conquest. By John M. Kem- 
BLB, M JL., &c. 2 vols. 8vo. 28s. 

Eesteven^— A Manual of the Domestic 

Practice of Medicine. By W. B . Kbstxysn, 
Fellow of the Koyal CoUege of Surgeons of 
Eiigland, &c. Square post 8vo. 7s. 6d. 

Eirby and Spence's Introduction to 

Entomology ; or. Elements of the Natural 
History of Insects : Comprising an Account 
of Noxious and Useful Insects, of their Meta- 
morphoses, Food, Stratagems, Habitations, 
Societies, Motions, Noises, Hybernation, 
Instinct, &c. Seventh Edition. Crown 8vo. 6s. 

A Lady's Tour round Monte Rosa; 

With Visits to the Italian Valleys of An- 
zasca, Mastalone, Camasco, Sesia, Lys, 
Challant, Aosta, and Cogne. With Map, 4 
Illustrations from Sketches by Mr. G. Bar- 
nard, and 8 Woodcuts. Post 8vo. 14s. 

Latham.— The English Language. By 

R. a. Latham, M.A., M.D., F.R.S., late Fel' 
low of King's College, Cambridge ; late Pro- 
fessor of the English Language in University 
College, London. Fourth Edition, revised 
and enlarged. 2 yols. 8vo. 28s. 

Dr. Latham's Handbook of the English Lan- 
guage for the Use of Students of the Uni- 
versities and Higher Classes of Schools, 
Third Edition. Post 8vo. 7s. 6d. 

b6 
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KEW WOBES ASD NEW EDITIONS 



LARDNER'S CABINET CYCLOPEDIA 

Of Hifltory, Biography, Litoratiire, the Arts and Sciences, Natural History, and Uannfactiires. 

A Series of Original Works by 



Sir John Hbrschbl, 
Sib Jambs Mackintosh, 
RoBBRT South BY, 
Sib Datid Bbbwbtbb, 



Thomas Kbiohtlbt, 
John Forstbr, 
Sir Waltbb Scott, 
Thomas Moobb, 



Bishop Thirlwall, 
Thb Rbv. O. R. Glbio, 
J. C. L. Db Sismondi, 
John Phillips, F.R.S., O.S. 



AND OTHBR BmINBNT WbITBBS. 

Complete in 183 vols. fcp. 8vo. with Vign^ette Titles, price, in cloth. Nineteen Onineas. 
The Worlcs teparateljf, in Sets or Series, price Three Shillings and Sixpence etch Volame. 



A lAst qf the Works eompoting the Cabinbt CTCLO^iBDi a :— » 



1. Bell's History of Russia 8 vols. 10a. 6d. 

2. Boll's Lives of British Poets 2 vols. 7s. 

8. Brewster's Optics 1 vol. Ss. 6d. 

4. Cooley's Maritime and Inland Discovery S vols. 10s. 6d. 

5. Crowe's History of France 8 vols. lOs. Od. 

6. Be Moi^an on Probabilities 1 vol. 3s. 6d. 

7. De Sismondi's History of the Italian 

Republics , . 1 vol. 8s. 6d, 

8. De Sismondi's Fall of the Roman Empire 2 vols. 7b. 

9. Donovan's Chemisny 1 vol. 88. 6d« 

10. Donovan's Domestic Economy 2 vols. 7s. 

11. Dunham's Spain and Portugal 5 vols. HsJ 6d. 

12. Dmiham's History of Denmark, Sweden, 

and Norway 8 vols. 10s. 6d. 

18. Dunham's History of Poland 1 vol. 8s. 6d. 

14. Dunliam's Germanic Empire 8 vols. 10s. 6d. 

15. Dunham's Eun^ during the Middle 

Ages. 4 vols. 14s. 

16. Dunham's British Dramatists 2 vols. 7Si 

17. Dunham's Lives of Early Writers of 

Great Britahi 1 vol. 8s. 6d. 

18. Tergaa'a History of the United States . . 2 vols. 7s. 

19. Fosbroke's Grecian & Roman Antiquities 2 vols. 7s. 

20. FoTster's Lives of thb. Statesmen of the 

Commonwealth 6 vols. 17s. 6d. 

21. Gleig's Lives of British MiUtary Comr 

manders 8 vols. 10s. 6d. 

22. Qrattan's History of the Netherlands .. . 1 vol. 88. 6d. 

23. Henslow's Botany 1 vol. 8e. 6d. 

24. Herschel's Astronomy 1 vol. 88. 6d. 

25. Herschel's Discourse on Natural Philo- 

sophy 1 vol. 88. 6d. 

26. History of Rome 8 vols. 7s. 

27. History of Switzerland 1 vol. 8s. 6d. 

28. Holland's Manufactures in Metal 8 vols. 10s. 6d. 

29. James's Lives of Foreign Statesmen 5 vols. I7s. 6d. 

SO. Kater and Lardner's Mechanics 1 vol. 88. 6d. 

81. Keightley's Outlines of History 1 vol. 88. 6d. 

82. Lardner's Arithmetio 1 vol. 88. 6d. 

88. Lardner's Geometry 1 vuL, 88. 6d. 



I 84. Lardner on Heat 1 vol. 88. Od. 

39. Lardner's Hydrostatics and Pneomatics 1 vol. 88. 6d. 
36. Lardner and Walker's Electricity and 

Magnetism 2 vols. 7s. 

87. Mackintosh, Forster, and Conrtenay's 

Lives of British Statesmen 7 vols. 24s. 6d. 

88. Mackintosh, Wallace, and Bell's History 

of England 10 vols. 85s. 

39. Montgomery and Shelley's eminent Ita* 

li.-m, Spanish, and Portuguese Authors 8 vols. 10s. 6d. 

40. Moore's History of Ireland 4 vols. 14fl. 

41. Nloolas's Chronology of History 1 vol. 8s. Od. 

42. Phillips's Treatise on Geology 2 vols. 7b. 

48. Powell's History of Natural Philosophy 1 vol. 8b. 6d. 
44. Porter's Treatise on the Manufactufe of 

Silk 1 vol. 8s. 6d. 

16. Porter's Manufhctures of Porcelain and 

GUtfs 1vol. 8s. 6d. 

46. Roscoe's British Lawyers 1 vol. Ss. 6d. 

47. Scott's History of Scotland 8 vols. 7s. 

48. Shelley's Lives of eminent French 

Authors 2 vols. Ys. 

48. Shnckard and Swainson's Insects 1 vol. 8s. 6d. 

50. Southey's Lives of British Admirals 5 vote. 17s. Gd. 

51. Stebbing's Church History 2 vols. 7s. 

52. Stebbing's History of the Reformation. . 2 vols. 7s. 

53. Swainson's Discourse on Natural History 1 voL 8s. Od. 

54. Swainson's Natural History and Classi- 

fication of Animals 1 vol. 8s. 6d. 

56. Swainson's Habits and Instincts of 

Animals 1 vol. 8s. 6d. 

56. Swainson's Birds 2 vols. 7s. 

57. Swainson's Fish, Reptiles, &c 2 vols. 7s. 

58. Swainson's Quadrupeds 1 vol. Ss. 6d. 

59. Swainson's Shells and Shell-Fish 1 vol. 8s. 6d. 

60. Swainson's Animals in Menageries 1 voL Ss. Od. 

61. Swainson's Taxidermy and Biography of 

Zoologists 1 vol. 8s. 6d. 

62. Thirlwall's History of Greece 8vols.28e. 



Mrs. R. Lee's Elements of Natural His- 
tory ; OP, First ^Principles of Zoology : Com- 
prising the Principles of Classification, inter- 
spersed with amusing and instructive Ac- 
counts of the most remarkable Animals. 
New and revised Edition, embellished with 
Woodcuts. Fcp. 8to. 7s. 6d. 

L.E.L.— The Poetical Works of Letitia 

Ehzabeth Landon ; comprising the Impro' 
visatrice, the Venetian Bracelet^ the Golden 
Violet^ the TVoubadour, and Poetical Remains. 
New Edition ; with 2 Vignettes by R.Doyle. 
9 vols. 16mo. lOs. cloth ; morocco, 21s. 



Dr. John Lindley's Theory and Practice 

of Horticulture ; or, an Attempt to explain 
the principal Operations of Gardening upon 
Physiological Grounds. With 98 Wood- 
cuts. 8vo. 21s. 

Br. lindley's Introdiiction to Botany. S'ew 
Edition, revised and enlarged ; with 6 Plates 
and many Woodcuts. 2 vols. 8vo. 24s. 

Dr. lindley's Synopsis of the British Flora 
arranged according to the Natural Order j 
containing Vasculares or Flowering Plants. 
Fcp. 8vo. 63. 
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Linwood.— Anthologia Oxoniensis, sive 

Florilegium e Lusibus poeticis diversorum 
Oxoniensium GrsecLs et Latinis decerptum. 
Curante Gitlielmo LiirvrooD, MJL., -^dia 
Ghrisii Alumno. 8vo. price 14j9. 

Lorimer's (G.) Letters to a Toung Master 

Mariner on some Subjects connected with 
his Galling. New Edition. Fcp. Svo. 5s. 6d. 

London's Encyclopsedia of Agricnltnre ; 

Comprising the Theory and Practice of the 
Valuation, Transfer, Laying-out, Improve- 
ment, and Management of Landed Property, 
and of the Cultivation and Economy of the 
Animal and Vegetable Productions of Agri- 
culture. New and cheaper Edition; with 
1,100 Woodcuts. Svo. 3l9. 6d. 

London's Encyclopasdia of Gardening: 

Comprising the Theory and Practice of Hor- 
ticulture, Floriculture, Arboriculture, and 
Landscape^Gtirdening. With many hundred 
Woodcuts. Corrected and improved by 
Mbs. Loudon. New and cheaper Edition. 
Svo. 31s. 6d. 



THIS work, which is ad- 
mitted to be the best 
work on Gardening, is now 
brought within the reach of 
Head Gardeners, Nursery- 
men, and of those gentlemen 
who wish to provide tlieir 
Gardeners with a complete 
Work on the Theory and 
Practice of Gardening. The 



work comprises above 1300 
closely printed pages, mi- 
nutely classified in all the 
divisions of Floriculture, 
Arboriculture, Kitchen Gar- 
den, Landscape Gardening. 
&c. &c., and is illustrated 
with above One Thousand 
Engravings on Wood. 



London's EncyclopsBdia of Trees and 

Shrubs, or Arboretum eU Frutieetum Briiaw 
nicum abridged : Containing the Hardy Trees 
and Shrubs of Great Britain, Native and 
Foreign, Scientifically and Popularly De- 
scribed. With about 2,000 Woodcuts. 
Svo. price 50s. 

London's Encyclopsedia of Plants : Com- 
prising the Specific Character, Description, 
Culture, History, Application in the Arts, 
and every other desirable Particular respect- 
ing all the Plants found in Great Britain. 
New Edition, corrected by Mb9. Loudok. 
With upwards of 12,000 Woodcuts. Svo. 
£3. 13s. 6d. — Second Supplement, 21s. 

London's Encyclopssdia of Cottage, 

Farm, and Villa Architecture and Furniture. 
New Edition, edited by Mbs. Loubon ; with 
more than 2,000 Woodcuts. Svo. 63s. 

London's Hortns Britannicns ; or, Cata- 
logue of aU the Plants found in Great 
Britain. New Edition, corrected by Mbs. 
LouDOK. Svo. 31s. 6d. 

Mrs. London's Lady's Conntry Compa- 
nion ; or. How to Enjoy a Country Life 
Bationally. Fourth Edition, with Plates 
and Woodcuts. Fcp. Svo. 6s. 



Mrs. London's Amateur Gardener's 

Calendar, or Monthly Guide to what should 
be avoided and done in a Garden. New 
Ediiion. Crown Svo. with Woodcuts, 7s. 6d. 

Love.— The Art of Cleaning, Dyeing, 

Scouring, and Finishing on the most ap- 
proved EngUsh and French Methods : being 
Practical Instructions in Dyeing Silks, 
Woollens, and Cottons, Feathers, Chip, 
Straw, &o. ; Scouring and Cleaning Bed and 
Window Curtains, Carpets, Bugs, &c. ; 
French and English Cleaning any Colour or 
Fabric of Silk, Satin, or Damask. Followed 
by a List of Prices ; and Abstracts of the 
Acts of Parliament relating to Apprentices, 
Workmen, an^d Jobbing by Journeymen 
Dyers. By Thomas Lote, Working Dyer 
and Scourer. Second Edition. Post Svo, 
price 7s. 6d. 

Lowc—Central India dnring the Rebel- 
lion of 1857 and 1858 : a Narrative of Ope- 
rations of the British Forces from the Sup- 
pression of Mutiny in Aurungabad to the 
Capture of Gwalior under Major-General 
Sir Hugh Rose, G.C.B., &o., and Brigadier 
Sir C. Stuart, K.C.B. By Thomas Lowb, 
M.R.C.S.B., Medical Officer to the Corps of 
Madras Sappers and Miners. Post Svo. with 
Map, 9s. 6d. 

Lowndes's Engineer's Handbook; ex- 
plaining the Principles which should guide 
the young Engineer in the Construction 
of Machinery, with the necessary Rules, 
Proportions, and Tables: Comprising 
amongst other matters the Rule for Calcu- 
lating the Evaporation Power of Boilers, 
the comparative Economical effect of using 
Steam expansively. Principles which regulate 
the Speed of Steam Vessels, &c. Post Svo. 
price 5s. 

Lord Macanlay's Miscellaneons Writ- 
ings, comprising his Contributions to 
Knighfs Quarterly Magaziney Articles con- 
tributed to the Edinburgh Review not in- 
cluded in his Critical and Historical Essays^ 
Biographies written for the Encyclopadia 
Briiannica, Miscellaneous Poems and In- 
scriptions. 2 vols. Svo. with Portrait, 21s. 

Macanlay. — The History of England 

from the Accession of James IL By 
the Right Hon. Lobd Macaulat. New 
Edition. Vols. I. and II. Svo. price 828. ; 
Vols. Ill, and IV. price 36s. 

Lord Macanlay's History of England 

from the Accession of James II. * New 
Edition of the first Four Volumes of tlie 
Svo. Edition, revised and corrected. 7 vols, 
post Svo. price 6s. each. 
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NBW WOBKS Am NEW EDITIONS 



Lord Macaulay's Critical and Historical 

Essays contributed to The Edinburgh 
Eeview, Four Editions, as follows : — 

1. A LiBKAKY Editioit (the N'inth\ in S vols. 8vo. 
price 868. 

8. Complete in Oiri YoLinni, with Portrait and YUf 
nette. Square crown 8vo. price 21s. dotli; or 
908. calf. 

8. Another New Edition, in S vols. fop. 8vo. price 
2l8. cloth. 

4. The PxopLB'sEDinoir, in 2 vols, crown 8vo. price 
88. cloth. 

List of Foarteea of Lord Hacanlay's Essays 
which may be had separately, in 16mo. in 
the Tbayelleb's Libbaby: — 



Lord Bacon 1«. 

Lord By rou : and the Ck>mic 
Dramatists of the lies- 
toration U. 

Frederick the Great Is. 

Hrllam's Constitutional 
History of England 1«. 

Croker's Edition of Bos- 
well's Life of Johnson... Is. 



Warren Hastings If. 

LordCBve 1». 

William Pitt ; and the Earl 
of Chatham 1«. 

Banke's History of the 
Popes : and Gladstone on 
Church and State 1«. 

Life and Writings of Addi- 
son; and Horace Wal- 
pole 1». 

Lord Macaulay's Lays of Ancient Rome, 

with Iviy and the Armada. New Edition. 
16mo. price 4s. 6d. cloth; or 10s. 6d. 
bound in morocco. 

Lord Macaulay's Lays of Ancient Rome. 

With numerous Illustrations, Original and 
from the Antique, drawn on Wood by 
George Scharf, jun. Fcp. 4to. price 21s. 
boards ; or 42s. bound in morocco. 

Macaulay.— Speeches of the Right Hon. 

Lord Macaulay. Corrected by Himsblp. 
8vo. price 12s. — Lord Macaulay's Speeches 
on Parliamentary Keform, 16mo. price Is. 

Mac Donald. — Poems. By George 

Mao Donald, Author of JFithin and With' 
out, Fcp. 8vo. 78. 

Mac Donald.— Within and Without : A 

Dramatic Poem. By Geobgb Mao Donald. 
Second Edition^ revised. Fcp. 8to. 4s. 6d, 

MacDougall.— The Theory of War illus- 
trated by numerous Examples from His- 
tory. By Lieutenant -Colonel MacDougall, 
Commandant of the Staff College. Second 
Edition^ with 10 Plans. Post Svo. IDs. 6d. 

Colonel MacDougaU'8 Campaigns of Hannibal, 
arranged and critically considered, ex- 
pressly for the use of Students of Military 
History. Post Svo. with Map, Ts. 6d. 

Sir James Mackintosh's Miscellaneous 

Works : Including his Contributions to The 
Edinburgh Review. 1 vol. square crown 
Svo. 2l8. cloth ; or 30s. bound in calf: or in 
3 vols. fcp. Svo. 21s. 

Sir James Mackintosh's History of England 
. from the Earliest Times to the . final Esta- 
blishment of the Reformation. Library Edi- 
tion, revised. 2 vols. Svo. 21s. 



M'Culloch's Dictionary, Practical, Theo- 
retical, and Historical, of Commerce and 
Commercial Navigation. Illustrated with 
Maps and Plans. New Edition, containing 
much additional Information. Svo. 508. 
cloth ; or 65s.' half-bound in russia. 

Supplement to the Edition of the Dictionary 
published in 1859; comprising the late 
Commercial Treaty with France, the New 
Tariff of the United Kingdom, the New 
Indian Tariff, with a variety of miscella- 
neous Information in regard to commercial 
matters. Svo. 2s. 6d. 

M'CuUoch's Dictionary, Geographical, 

Statistical, and Historical, of the various 
Countries, Places, and principal Natural 
Objects in the World. Illustrated with Six 
large Maps. New Edition, revised; with a 
Supplement. 2 vols. Svo. price 63s. 

Maguire.— Rome;Jts Ruler and its In- 
stitutions. By John Fbancis Maouibb, 
M.P. Second Edition^ revised and enlarged ; 
with a new Portrait of Pope Pius IX. 
set. 66. Post Svo. lOs. 6d. 

Mrs. Marcet's Conversations on Natural 

Philosophy, in. which the Elements of that 
Science are familiarly explained. Thirteenth 
Edition, enlarged and corrected; with 34 
Plates. Fcp. 8vo. price lOs. 6d. 

• 

SErs. Harcet's Conversations on Chemistry, 
in which the Elements of that Science 
are familiarly explained and illustrated by 
Experiments. New Edition, enlarged and 
improved. 2 vols. fcp. Svo. price 148. 

Martineau. — Studies of Christianity: 

A Series of Original Papers^ now first col- 
lected or new. By James Mabtinsau. 
Crown Svo. 7s. 6d. 

Martineau. — Endeavonrs after the Christian 
Life : Discourses. By James Mabtinbait. 
2 vols, post Svo. 7s. 6d. each. 

Kartinean.— Miscellanies : Comprising Essays 
on Dr. Priestley, Arnold's Life and Corre- 
spondence. Church and Stat^ Theodore 
Parker's Discourse of Religiony "Phases of 
Faith," the Church of England, and the 
Battle of the Churches. By James Mab- 
tinbait. Post Svo. 9s. 

Martineau.— Hymns^or the Christian Church 
and Home. Collected and edited by James 
Mabtineau. Eleventh Edition, 12mo. 8s.. 6d. 
cloth, or 5s. calf; Fifth Edition^ 32mo. Is. 4d. 
cloth, or Is. Sd. roan. 



prBUBHES BT LONGMAN, GBEEN, ajtd 00. 



15 



Marshman's Life of General Havelock.— 

Memoirs of Major-General Sir Henry 
Havelock, K.0 B. By John Claek 
Mabshman. With Portrait, Map, and 2 
Plans. 8vo. 123. 6d. 

Marshman. — The Life and Times of 

Carey, Marshman, and Ward: Embracing 
the History of the Serampore Mission. 
By John CiiABK Mabshman. 2 toIs. 870. 
price 25s. 

Mannder's Scientific and Literary Trea- 
sury : A new and popular Encyclopsedia of 
Science and the Belles-Lettres ; including 
all branches of Science, and every subject 
connected with Literature and iurt. New 
Edition. Ecp. Svo. price IDs. cloth ; bound 
in roan, 12s. ; calf, 12s. 6d. 

Mannder's Biographical Treasury; con- 
sisting of Memoirs, Sketches, and brief 
Kotices of above 12,000 Eminent Persons of 
All Ages and Nations, from the Earliest 
Period of History : Forming a. complete 
Popular Dictionary of Universal Biography. 
Eleventh Edition, revised, corrected, and ex- 
tended in a Supplement. Fcp. Svo. lOs. 
cloth ; bound in roan, 12s. ; calf, 12s. 6d. 

Mannder's Treasury of Knowledge, and 

Library of Reference. Comprising an Eng- 
lish Dictionary and Grammar, a Universal 
Gf^etteer, a Classical Dictionary, a Chrono- 
logy* * Law Dictionary, a Synopsis of the 
Peerage, numerous useful Tables, &c. New 
Edition, entirely reconstructed and re- 
printed; revised and improved by B. B. 
WooDWABD, B.A. F.S.A. : Assisted by J. 
MoBBis, Solicitor, London ; and W.HuaHES, 
F.R.G.S. Fcp. Svo. lOs. cloth; bound in 
roan, 12s. ; calf, 12s. 6d. 

Mannder's Treasury of Natural History; 

or, a Popular Dictionary of Animated 
Kature : In which the Zoological Character- 
istics that distinguish the different Classes, 
Genera, and Species, are combined with a 
variety of interesting Information illustrative 
of the Habits, Instincts, and General Eco- 
nomy of the Animal Kingdom. With 900 
Woodcuts. New Edition. Fcp. Svo. price 
10s. cloth ; roan, 12s. ; calf, 12s. 6d. 

Mannder's Historical Treasury; com- 
prising a General Introductory Outline of 
Universal History, Ancient and Modem, 
and a Series of separate Histories of every 
principal Nation that exists ; their Bise, 
Progress, and Present Condition, the Moral 
and Social Character of their respective In- 
habitants, their Bicligion, Manners and Cus- 
toms, &c. NewEcUtion ; revised through- 
out, with a new Gbnebal Ikdbx. Fcp. Svo. 
lOs. cloth ; roan, 12s. ; calf, 128. 6d. 



Mannder's Geographical Treasury. — 

The Treasury of Geography, Physical, His- 
torical, Descriptive, and Political ; contain- 
ing a succinct Account of Every Country in 
the World : Preceded by an Introductory 
Outline of the History of Geography; a 
FamiUar Inquiry into the Varieties of Race 
and Language exhibited by different Nations; 
and a Yiew of the Relations of Geography 
to Astronomy and Physical Science. Com- 
pleted by William Hughes, F.R.G.S. New 
Edition, carefully revised throughout ; with 
the Statistical Tables brought up to the 
latest date of information. With 7 Maps 
and 16 Steel Plates. Fcp. Svo. lOs. cloth 5 
roan, 12s. ; calf, 12s. 6d. 

Merivale. — A History of the Romans 

under the Empire. By the Rev. Chables 
Mebivale, B.D., late FeUow of St. John's 
College, Cambridge. Svo. with Maps. 

Vols. I. and II. comprising the History to the Fall of 
JtUvM Ceeaar. Second Edition 28s. 

Vol. III. to the establishment of the Monarchy by Av^ 
ffustus. Second Edition 14s. 

Vols. IV. and Y. from Augtuttu to Clartdim^ B.C. 27 to 
1..D. &i 828. 

Vol. VI. from the Beign of Nero^ 1..D. 54, to the FaU of 
Jenu€UemtX.i>. 70 16s. 

Hetivale.— Thd Fall of the Soman Bepnblic : 
A Short History of the Last Century of 
the Commonwealth. By the Rev. C. Mebi* 
TALB, B.D. New Edition. 12mo. 7s. 6d. 

Merivale (Miss).— Christian Records : A 

Short History of Apostolic Age. By Louisa 
A. Mebivale. Ecp. Svo. 7s. 6d. 

Miles.—The Horse's Foot, and How to 

Keep it Sound. Eighth Edition ; with an 
Appendix on Shoeing in general, and Hunters 
in particular, 12 PlAtes and 12 Woodcuts. 
By W. Miles, Esq. Imperial Svo. 128. 6d. 

%• Two Casts or Models of Off Pore Feet, No. 1. Shod fat 
All Purpoges^ No. 2, Shod toUh Leather, on Mr. Miles's plan, 
may be had, price 8s. each. 

]|[ile8.~A Plain Treatise on Horse-Shoeing. 
By William Miles. Esq. With Plates and 
Woodcuts. Nettf Edition, Post Svo. 28. 

Mintnm.— From New York to Delhi by 

way of Bio de Janeiro, Australia, and China. 
By Egbert B. Mintijen, Jun. With 
Map of India. Post Svo. price 7s. 6d. 

Mollhansen.— Diary of a Journey from 

the Mississippi to the Coasts of the Pacific, 
with a United States Government Expedi- 
tion. By B. MdLLHAUSEN, Topographical 
Draughtsman and Naturalist to the Expe- 
dition. With an Introduction by Baron 
Humboldt ; a Map, coloured Illustrations, 
and Woodcuts. 2 vols. Svo. 30s. 
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NEW WOBES iin> NEW EDITIONS 



James Montgomery's Poetical Works : 

Collective Edition ; with the Author's Auto- 
biographical Fre&oes, complete in One 
Volume ; with Portrait and Vignette. Square 
crown Svo, price 10s. 6d. cloth; morocco, 
21b. — Or, in 4 yols. fcp. 8vo. with Portrait, 
and 7 other Plates, price 14s. 

Thomas Moore's Memoirs, Jonrnal, and 

Correspondence. New Edition for the 
People, with 8 Portraits and 2 Vignettes 
engraved on Steel. Edited and abridged 
from the First Edition by the Bight Hon. 
LoBD John Bussell, M.P. Fniform with 
the Feop^e^s Editioft of Jfoorg^s Poetical 
Works. Square crown 8vo. 12s. 6d. 

Thomas Moore's Poetical Works : Com- 
prising the Author's Autobiographical Pre- 
faces, latest Corrections, and Notes. Various 
Editions of the separate Poems and complete 
Poetical Works, as follows :— 

LALLA ROOKH, with 66 ninstrationB from original 
Drawings by Johv TsiririBL and 5 Initial Pages 
of Persian Design by T. Sulmak, Jun., engraved 
ou Wood ; fcp. 4to. in ornamental covers 21 

LALLA ROOKH, S2mo. ruby type. Frontispiece .... 1 

LALLA ROOKH, 16mo. Vignette on Wood 2 6 

LALLA BOOKH, square crown 8vo. Plates 15 

IRISH MELODIES, 32mo. ruby type. Portrait .... 1 

IRISH MELODIES, 16mo. Vignette on Wood B 6 

IRISH MELODIES, square crown 8vo. Plates 21 

IRISH MELODIES, illustrated by Maclisx, super- 
royal 8vo 31 6 

SONGS, BALLADS, and SACRED SONOS, 32mo. 
ruby type. Frontispiece 2 6 

SOXGS, BALLADS, and SACRED SONGS. 16mo. 
Vignette on Wood 6 

POETICAL WORKS, People's Edition, complete in 
One Volume, squai e crown 8vo. with Portrait .... 12 

POETICAL WORKS, Cabinet Edition, 10 Vols. ea. 3 6 

POETICAL WORKS, Traveller's Edit., crown Bvo. 12 6 

POETICAL WORKS, Library Edition, medium Svo. 21 

SELECTIONS, entitled "POETRY and PICTURES 
fEomTHOMAS MOORE," fcp. 4to. with Woodcuts 21 

MOORE'S EPICUBEAN, 16mo. Vignette 5 

Editions printed with the Music. 

IRISH MELODIES, People's Edition, small 4to. . . 12 

IRISH MELODIES, imperial Svo. smaU music size 31 6 

HARMONISED AIRS flrom IRISH MELODIES, 
imperial Svo 15 o 

NATIONAL AIRS, People's Edition, Small 4to . . . . 12 

NATIONAL AIRS, imperial Svo. small music size. . 31 6 

SACRED SONGS and SONGS from SCRIPTURE, 
imperialSvo 18 o 

No Edition of Thomas Moore's Poetical 
Works can be published complete except bj 
Messrs. Longman and Co. 



Moore.— The Power of the Soul over the 

Body, considered in relation to Health and 
Morals. By GI-eobgb Moobe, M.D. lyth 
Edition. Fcp. Svo. 6s. 

Moore.— Xaa and Ub Motives. By George 
MOOBB, M.D. Third Edition. Fcp. Svo. 6s. 

Mooro.— The Vie of the Body in relation to the 
Mind. By Geobob Moobb, M.D. Third 
Edition, Fcp. 8ro. 6s. 

MorelL— Elements of Psychology : Part 

I., containing the Analysis of the Intellectual 
Powers. By J. D. Mobell, M.A., One of 
Her Majesty's Inspectors of Schools. Post 
8vo. 7s. 6d. 

Morning Clouds. By the Author of 

The Afternoon of Life. Second and cheaper 
Edition, revised throughout. Fcp. Svo. 5s. 

Morton's Agricultural Handbooks. — 

Handbook of Dairy Husbandry : comprising 
Dairy Statistics ; Food of the Cow ; Milk ; 
Butter ; Cheese ; General Management ; 
Calendar of Daily Dairy Operations ; Ap- 
pendix on Cheese-making ; and Index. By 
John Chalmbbs Mobton, Editor of the 
Agricultural Gazette, &c. I6mo. Is. 6d. 

Morton's Handbook of Farm Labour ; 

Steam, Horse, and Water Power. 

[^Nearly ready. 

Morton.— The Resources of Estates : A 

Treatise on the Agricultural Improvement 
and General Management of Landed 
Property. By John Lookhabt Morton. 
Witli 25 Illustrations in Lithography. 
Royal Svo. 31s. 6d. 

Moseley.— Astro-Theology. By the Rev. 

Henbt Moseley, M.A., F.E.S., Canon of 
Bristol) &c. Third Edition. Fcp. Svo. 
price 4s. 6d. 

Moseley.— The Mechanical Principles of 

Engineering and Architecture. By H. 
Moseley, M.A., F.R.S., Canon of Bristol, 
&c. Second Edition, enlarged; with nu- 
merous Corrections and Woodcuts. Svo. 248, 

Memoirs and Letters of the late Colonel 

Aemine Mountain, Adjutant- General of 
Her Majesty's Forces in India. Edited 
by Mrs. Mountain. Second Edition, re- 
vised J with Portrait. Fcp. Svo. price 6s. 

Mure. — A Critical History of the Lan- 
guage and Literatura of Ancient Greece. 
By William Mube, M.P. of CaldweU. 
Second Edition. Vols. I. to III. Svo. price 
86s. } Vol. IV. price 15s, j Vol. V. price 18s. 
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Murray's EncyclopsBdia of Geography [ 

comprising a complete Description of the 
Earth : Exhibiting its Belation to the 
Heayenly Bodies, its Physical Structure, the 
Natural History of each Country, and the 
Industry, Commerce, Political Institutions, 
and Civil and Social State of All Nations. 
Second Edition ; with 82 Maps, and upwards 
of 1,000 other Woodcuts. 8yo. price 608. 

Neale. — The Closing Scene ; or, Chris- 
tianity and Infidelity contrasted in the Last 
Hours of Bemarkable Persons. By the 
BcT. Ebseiks Neale, M. a. New Editions. 
2 vols. fcp. Svo. price 6s. each. 

Works by the Rev. Dr. John Henry 

Newman of the Oratory : — 

The Scope and Nature of TTniversity Education. 
Second Edition. Fcp. Svo. 6s. 

The Office and.Work of Uniyersities. Fop. Svo. 
price 6s. 

Lectures and Essays on TJnivertity Subjects. 

Fcp. Svo. 6s. 

The above three works form together a con- 
nected work on University Teaching, considered 
in its various aspects, viz. :-— 

In its abstract scope and nature ; 

In certain portions of its subject-matter; 

And in a series of Historical Sketches. 

Ogilvie. — The Master-Builder's Plan; 

or, the Principles of Organic Architecture 
as indicated in the Typical Forms of Animals. 
Bjr GEOBaE Ogiltie, M.D. Post Svo. 
with 72 Woodcuts, price 6s. 6d. 

have a JiUr claim to be al- 



** AMONG the numerous 
<A. tieatiBes on seneral 
zoology with which we 
are acquainted, we know not 
one from which the student 
can obtain an intelligible 
and satisfactory account of 
the leading principles of 
animal morphology, and of 
the h^her generalisations of 
systematic zoology. The 
Maeter-BuUder'a Plan is in- 
tended to supply this defect 
in our literature. It has 
been the object of Dr. Ogilvie 
not to advance new trtUh*, 
but rather to gain addi- 
tio7ial eurrenetf for tuch a» 



ready eetdbHehedf andj in 
particular t to cowoejf antdea 
of the lave of orgamiaation 
to thote whOt without making 
natural hittorp a epecial 
object of etudy, may «p{«A to 
have a right comprehension 
cfite general ecope. In this 
we thinic he has succeeded. 
After a cai'eful examination 
of its contents, we do not 
hesitate to recommend his 
worlc to all who are desirous 
of acquiring sound informa- 
tion on the important sub* 
Ject of which it treats." 

I^ATUBAL UISIOBTBEYIXW. 



Osborn.— The Discovery of the North- 
West Passage by H.M.S. Investigatory Cap- 
tain R. M*Cluee, 1860-1854. Edited by 
Captain Shebabd Osbobn, C.B., from the 
Logs and Journals of Captain B. M'Clure. 
Third Edition, with Portrait, Chart, and 
Illustrations. 8to. 15s. 

Professor Owen's Lectures on the Com- 

paratiye Anatomy and Physiology of the 
Invertebrate Animals, delivered at the Boyal 
College of Surgeons. Second Edition ; with 
235 Woodcuts. 8vo. 21s. 

Professor Owen's Lectures oa the Gomparatiye 
Anatomy and Physiologyof the Yertebrate 
Animals. Vol. I. Svo, Woodcuts, 14s, 



Palleske's Life of Schiller. — Schiller's 

Life and Works. By Ehiii Pallesks. 
Translated by Lady Wallace. Dedicated 
by permission to Her Majesty the Queen. 
With 2 Portraits. 2 vols, post Svo. 24s. 

Memoirs of Admiral Parry, the Arctic 

Navigator. By his Son, the Rev. E. Pabey, 
M.A. of Balliol College, Oxford ; Domestic 
Chaplain to the Lord Bishop of London. 
Seventh Edition ; with a Portrait and 
coloured Chart of the North- West Passage. 
Pep. Svo. price 5s. 

Peaks, Passes, and Glaciers : a Series of 

Excursions by Members of the Alpine Club. 
Edited by JoHK Ball, M.R.I.A., F.L.S., 
President. Traveller's Edition (being the 
Fifth) ; comprising all the Mountain Ex- 
peditions and the Maps, printed in a con- 
densed form for^the Traveller's knapsack or 
pocket. 16mo. Ss. 6d. 

*#* The Fourth Edition of Peaks, Passes, 
and Glaciers, with 8 coloured Illustrations and 
numerous Woodcuts, may still be had, price 
21s. Also the Eight Swiss Maps, accom- 
panied by a Table of the HBiaHTS of Mofn- 
TAins, price 3s. 6d« 

The Late Sir Robert Peel, Bart.— 

Sketch of the Life and Character of Sir 
Bobert Peel, Bart. By the Bight Hon. Sir 
Lawbencb Peel. Post Svo. Ss. 6d. 

Dr. Fereira's Elements of Materia 

Medica and Therapeutics. Third EdUion^ 
enlarged and improved from the Author's 
Materials, by A. S. Taylob, M.D., and 
0-. O. Bees, M.D. : With numerous Wood- 
cuts. Vol. I. Svo. 28s. ; Vol. II. Pabt I. 
21s. ; Vol. II. Pabt II. 26s. 

Dr. Fereira's Lectiires on Polarised light, 
together with a Lecture on the Microscope. 
2d Edition, enlarged from Materials left by 
the Author, by the Bev. B. Powell, M.A., 
Ac. Fcp. Svo. with Woodcuts, 7s. 

Peschel's Elements of Physics. Trans- 
lated from the German, with Notes, by 
E. West. With Diagrams and Woodcuts. 
3 vols. fcp. Svo. 21s. 

Phillips's Elementary Introduction to 

Mineralogy. A New Edition, with extensive 
Alterations and Additions, by H. J. Bbooke, 
F.B.S., F.a.S. s and W. H. Millee, M.A., 
F.G.S. With numerous Wood Engravings. 
Post Svo. ISs. 

Phillips.— A Guide to Geology. By John 

Phillips, M.A., F.B.S., F.G.S., &c. Fourth 
Edition, corrected to the Present Time; 
with 4 Plates. Fcp. Svo. 6s. 
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NEW WORKS Aim KBW EDITIONS 



Piesse's Laboratory of Ghymical Won- 
ders : a Scientific M^ange intended for the 
Instruction and Entertainment of Young 
People. Fop. 8ro. with Illustrations. 

[Just ready, 

Piesse's Ghymical, Natural, and Physi- 
cal Magic, for the Instruction and Enter- 
tainment of JuvenQes during the Holiday 
Vacation. Second Edition ; with 30 Wood- 
cuts and an Inyisible Portrait. Fcp. 8to. 
price 3s. 6d. 

Piesse's Art of Perfumery, and Methods 

of Obtaining the Odours of Plants : With 
Instructions for the Manufacture of Perfumes 
for the Handkerchief, Scented Powders, 
Odorous Vinegars, Dentifirices, Pomatums, 
Cosm^tiques, Perfumed Soap, &o. ; and an 
Appendix on the Colours of Flowers, Arti. 
ficial Fruit Essences, &o. Second Edition ; 
with 46 Woodoutst Cr(ym 8to. 8s. 6d. 

Piozzi.— Autobiography, Letters, and 

Literary Remains of Mrs. Piozzi (Thrale), 
Author of Anecdotes of Dr. Johnson, Edited, 
with Notes and some account of her Life 
and Writings, by A. Hitwabd, Esq., Q.O. 
With a Portrait of Mrs. Piozzi, and an en- 
graving from a picture by Hogarth, ^* The 
Lady's Last Staked* for the principal figure 
in which Mrs. Piozzi sat. 2 vols, post 8yo. 

Pitt— How to Brew good Beer : a com- 
plete Ghiide to the Art of Brewing Ale, 
Bitter Ale, Table Ale, Brown Stout, Porter, 
and Table Beer. To which are added, Prac- 
tical Instructions for making Malt. By 
John Pitt, Butler to Sir William R. P. 
Geary, Bart. Fcp. 8vo. 4s. 6d. 

Porter.— History of the Knights of 

Malta, or the Order of the Hospital of St. 
John of Jerusalem. By Major Whitwoeth 
POBTEB, B.E. 2 Tols. 8yo. 248. 

Powell.— Essays on the Spirit of the 

Inductiye Philosophy, the Unity of Worlds, 
and the Philosopny of Creation. By the 
Bev. Baden Powell, M.A., &c., late Savil- 
ian Professor of Geometry in the Uniyersity 
of Oxford. Second Edition, reyised. Crown 
8yo. with Woodcuts, 128. 6d. 

Christianity without Jndaiim : A Seoond Series 

of Essays on the Unity of Worlds and of 
Nature. By the B«y. Baden Powell, MA., 
&c. Crown 8vo. Ts. 6d. 

The Order of Nature oontidered in reference to^ 
the Claims of Reyelation : A Third Series 
of Essays on the Unity of Worlds and of 
Nature. By the Rey. Baden Powell, 
M.A., &c. Crown 8yo. 128. 

Power.— Virginia's Hand : a Poem. By 

MABaUEBiTE A. PowEE, Author of " Let- 
ters of a Betrothed," &c. Fcp. 8to. 5s. 



Pycroft. — The Collegian's Guide; or, 

Recollections of College Days : Setting forth 
the Adyantages and Temptations of a Uni- 
yersity Education. By the Rey. J. ProBorT, 
B.A. Second Edition, Fcp. 8yo. 

Fyoroft's Oonrie of English Beading, adapted 
to eyery taste and capacity ; or. How and 
What to Read : With Literary Anecdotes. 
New Edition. Fop. 8yo. price 5s. 

Fycroft's Cricket-Field; or, the Scienee and 
History of the Ghune of Cricket. Third 
Edition, greatly improyed ; with Plates and 
Woodcuts. Fcp. 8yo. price 5s. 

Qnatrefages (A. De). — Rambles of a 

Naturalist on the Coasts of France, Spain, 
and Sicily. By A. De QuATBEFAaES, 
Memher of the Institute. Translated by 
E. C. Otte, 2 yols. post 8yo. 15s. 

Raikes (T.)— Portion of the Journal kept 

by THOHAfl Rahoes, Esq., froml831 to 1847 :. 
Comprising Reminiscences of Social and 
PoUtical Life in London and Paris during 
that period. New Edition ^ complete in 
2 yols. crown 8yo. price 12s. 

Ramsay.-*The Old Glaciers of North 

Wales and Switzerland. By A. C. Rakbay, 
F.R.S. and Q-.S., Local Director of the Geo- 
logical Sunrey of Great Britain, and Profes- 
sor of G^logy in the Goyemment School of 
Mines. Reprinted from PeakSy Passes^ and 
Glaciers; with Map and 14 Woodcuts. 
Fcp. 8yo. 4s. 6d. 



*■ 'M'll.RAMSAT has given 
lu. us in this litUe vol- 
nme a reprint of his con- 
tribution to Peak9t Paueg, 
and Olaciera -'thvM repro- 
ducing in a very portable 
form pages whicn will oon- 
stitute an invaluable oom- 
panion to the tourist in 
North Wales.where the other 
experiences of the Alpine 
Club would not be necessary 

to his knapsack The most 

unlearned tourist may take 
Mr. Ramsay's work and fol- 
low the tracks which he 
points out. For this book is 



net interefltlnsr alone to the 
scientific reader; it avoids 
as much as possible the tech- 
nical vocabulary of the geo- 
logist and mineralogist, and 
renders its descriptions with 
a hearty and fluent freshness 
which only a genuine love 
of nature oouldlnspire. And 
there are few travellers so 
unimaginative, so obdurate 
to the spell which the most 
poetic of mountains throws, 
as not to l)e set a-thinking 
more or less in a speculative 
way by Mr. Ramsay's ob- 
servations." JoHK Bull. 



Rich's Dictionary of Roman and Greek 

Antiquities J with nearly 2,000 Woodcuts 
representing Objects from the Antique illus- 
trative of the Industrial Arts and Social 
Life of the G-reeks and Romans. Being a 
Second and cheaper Edition of the Illustrated 
Companion to the Latin Dictionary and Greek 
Lexicon, Post 8yo. 129. 6d. 

Horsemanship ; or, the Art of Riding 

and Managing a Horse, adapted to the Guid- 
ance of Ladies and Gentlemen on the Road 
and in the Field: With Instructions for 
Breaking-in Colts and Young Horses. Bj 
Captain M. Riohabdson. With 6 Plates. 
Square crown 8yo. 14s. 



PTTBtUHn) BT LONaMAN, &BJSiSS, aitb CO. 19 



Riddle.— Household Prayers for Four 

Weeks : with additional Prayers for Special 
Oocasiong. To which is appended a Course 
of Scripture Beading for Erery Day in the 
Year. By the Bey. J. E. Biddle, MiA. 
Second Edition. Grown Svo. 38. 6d. 

Riddle's Complete Latin-English and 

English-Latin Diotionary, for the use of 
CoUeges and Schools. New and cheaper 
EdUion, rerised and oovreoted. 8yo. 2l8. 

SATMirfttAiv /The English-Latin Dictionary, Ts. 
separately |The Latin-English Dictionary, 15b. 

Biddle's Toung Scholar's Latin-English 

and English-Latin Dictionary. New and 
cheaper Edition^ revised and corrected. 
Square 12mo. 10s. 6d. 

«ATMrftfi»w /The Latin-English Dictionary, 68. 
separately |,j^g EngUsh-Latin Dictionary, 58. 

Biddle's lHamond Latin-English Dictionary. 
A Guide to the Meaning, Quality, and 
right Accentuation of Latin Classical Words. 
B^yal 32mo. price 4iB. 

Riddle's Copious and Critical Latin- 
English Lexicon, founded on the Gkrman- 
Latin Dictionaries of Dr. William Freund. 
New Edition. Post 4to. 31g. 6d. 

Rivers's Bose-Amateur's Guide ; contain- 

ing ample Descriptions of all the fine leading 
yarieties of Boses, regularly classed in theiJ 
respective Families; their History and 
Mode of Culture. Fop. 8to. Ss. 6d. 

Dr. E. Robinson's Greek and English 

Lexicon to the Greek Testament. A New 
Edition, in great part re- written. Svo. 18s. 

Mr. Henry Rogers's Essays selected from 

Contributions to the Edinburgh Review, 
Second Edition. 3 toIs. fcp. 8to. price 21s. 

Samuel Rogers's Recollections of Per- 
sonal and Conversational Intercourse with 



Chaslxs James Fox, 
Edmvitd Bubkb, 

HbXRT GRATTAir, 
RiCHABD POBBOir, 

John Hobitb Tooeb, 



Pbikcb Talletbaitd, 
Loan Ebskiitb, 
Sib Waltbb Scott, 
LoBD GBsmriLLB, and 

DVKB OB WXLLINGTOir. 



Second Edition. Fcp. 8vo. 6s. 

Br. Roget's Thesaurus of English Words 

and Phrases classified and arranged so as to 
facilitate the Expression of Ideas and assist 
in Literary Composition. Ninth Edition, 
revised and improved. Crown 8vo. IDs. 6d. 

Ronalds's Fly-Fisher's Entomology : 

With coloured Representations of the 
Natural and Artificial Insect, and a few Ob- 
servations and Instructions on Trout and 
Grayhng Fishing. Fifth Edition, thoroughly 
revised by an Experienced Fly -Fisher; with 
20 new coloured Plates. 8vo. 148. 



Rowton's Debater: A Series of complete 

Debates, Outlines of Debates, and Questions 
for Discussion; with ample Beferenoes to the 
best Sources of Information. New Edition. 
Fcp. 8vo. 6s. 

Dr. Russell's!Life of Cardinal Mezzofanti : 

With an Introductory Memoir of eminent 
Linguists, Ancient and Modem. With 
Portrait and Facsimiles. 8vo. 12s. 

Mrs. SchimmelPenninck's Writings and 

Life, edited by her relation, Ohbistiaita 0. 
Hankin : — 

life of Mary Anne SchixmnelFeimiiick. Fourth 
and cheaper Edition, with Corrections and 
Additions ; complete in One Volume, with 
Portrait Post 8vo. 10*. 6^. 

Select Keiiioin of Fort-Boyal. To which are 
added Tour to Alet, Visit to Port-Royal, 
Q-ift of an Abbess, Biographical Notices, &o. 
from oHginal Documents. Fifth Edttiony 
revised 3 vols. postSvo. 21j. 

The Principles of Beauty, as manifested in 
Nature, Art, and Human Character : with 
a Classification of Deformities ; II. An 
Essay on the Temperaments (with Illus- 
trations) ; III. Thoughts on Grecian and 
Gothic Architecture Post Svo. 12 j, Qd, 

Sacred Musings on Manifestations of God 
to the Soul of Man ; with Thoughts on 
the Destiny of Woman, and other sub- 
jects. With Preface by the Rev. Dr. 
Batleb, Principal of St. Aidan's Theological 
CoDegOj Birkenhead. Post Svo. 10s. 6d. 

Dr. L. Schmitz's School History of Greece, 

from the Earliest Times to the Taking of 
Corinth by the Romans, B.C. 146, mainly 
based on Bishop Thirlwall's History of 
Greece ; and illustratedjwith a Map of Athens 
and 137 Woodcuts, designedfrom the Antique 
by G. Scharf, jun., F.S.A. Fifth Edition^ 
• with Nine new Supplementary Chapters 
on the Civilisation, Religion, Literature, 
and Arts of the Ancient Greeks, contributed 
by C. K. Watson, MA. 12mo. 7s. 6d. 

Scoffern (Dr.) — Projectile Weapons of 

War and Explosive Compounds. By J. 
ScoPFBBN, M.B. Lond., late Professor of 
Chemistry in the Aldersgate College of 
Medicine. Fourth Edition, Post Svo. with 
Woodcuts, price 9s. 6d. 

Supplement, containing new resources of 
Warfare 2*. 

Senior.— Journal kept in Turkey and 

Greece in the Autumn of 1857 and the 
beginning of 1858. By Nassau W. Senior, 
Esq. With 2 Maps and 2 Views in chromo- 
lithography. Post 8vo. 12d. 
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NEW WOEKS AHD NEW EDITIONS 



Sewell (Miss).— New and cheaper Col- 
lected Edition of the Tales and Stories of 
the Author of Amy Herbert^ in 9 vols, crown 
8to. price £1. lOs. cloth; or each work, 
complete in a single yolume, maj be had 
separately as follows : — 

AMY HERBERT 29. 6d. 

GERTRUDE 28. 6d. 

The EARL'S DAUGHTER 2s. 6d. 

The EXPERIENCE of LIFE 28. 6d. 

CLEVE HALL 38. 6d. 

IVORS ; or, the TWO COUSINS Ss. 6d. 

KATHARINE ASHTON 3g. 6d. 

MARGARET PEROIVAL 5s. Od. 

LANETON PARSONAGE 48. 6d. 

AUo by the Author o/Amj Herbert, 

Passing Thoughts on Religion. New 

Edition, Fcp. 8vo. 5s. * 

Ursola : A Tale of English Country Life. 

2 vols. fcp. 8ro. price 128. cloth. 

History of the Early Church, from the 

First Preaching of the Gospel to the Council 
of Nicea. 18mo. 48. 6d. 

Self-Examination before Confirmation: 

With Devotions and Directions for Con- 
firmation-Day. 32mo. Is. 6d. 

Readings for a Month preparatory to 

Confirmation : Compiled from the Works of 
Writers of the Early and of the English 
Church. Fcp. Sto. price 48. 

Readings for Every Day in Lent: Com- 
piled from the Writings of BiBHOF jBBxm 
Taxlob. Fcp. 8to. price 58. 



Bowdler's Family Shakspeare : In which 

nothing is a^^^df to the Original Text ; but 
those words and expressions are omitted 
which cannot with propriety be read aloud, 
niustrated with Thirty-six Vignettes en- 
grayed on Wood. New Edition, printed in a 
more convenient form. 6 vols. fcp. 8vo. 
price 30s. cloth ; separately, 6b. each. Each 
Play may be had separately, price Is. 

%* The LiBEABY Edition, with the same 
Illustrations, in One Volume, medium 8yo. 
price 21s. cloth. 

Sharp's New British Gazetteer, or Topo- 
graphical Dictionary of the British Islands 
and Narrow Seas : Comprising concise De- 
scriptions of about Sixty Thousand Places, 
Seats, Natural Features, and Objects of Note, 
founded on the best authorities. 2 yols. 
8yo. price £2. 168. 



Shee.— Life of Sir Martin Archer Shee, 

President of the Boyal Academy, F.B.S., 
D.C.L. By his Son, Mabtik Abchbb 
Shbx, of the Middle Temple, Esq., Barrister- 
at-Law. 2 yols. 8yo. 2l8. 

Short Whist; its Rise, Progress, and 

Laws : With Obseryations to make any one a 
Whist-Player. Containing also the Laws of 
Piquet, Cassino, Ecart^ Cribbage, Back- 
gammon. By Major A. New E<&tion ; to 
which are added, Precepts for Tjtob^ by 
Mrs. B. Fcp. 8yo. 8s. 

Simpkinson.^The Washingtons : a Tale 

of an English Country Parish in the Seyen- 
teenth Century. Based on Authentic Docu- 
ments. By the Bey. J. N. SiMPEissoir, 
Bector of Brington. Post 8yo. IDs. 6d. 

Simpson.— Handbook of Dining; or. How 

to Dine, theoretically, philosophically, and 
historically considered : Based chiefly upon 
the Fhytiologie du Goilt of Brillat-Sayarin. 
By Lbonabd Fbai^ois Simfson, M.B.S.L. 
Fcp. 8yo. 5b. 

Sir Roger De Coverley. From the Spec- 
tator. With Notes and Slustrations, by 
W. HBifTBY Wills ; and 12 Wood Engray- 
ings from Designs by F. Taylbb. Second 
and cheaper Edition. Crown 8yo. lOs. 6d. ; 
or2l8. in morocco by Hayday. — An Edition 
without Woodcuts, in 16mo. price Is. 

The Sketches: Three Tales. By the 

Authors of Amy Herbert, The Old MatCe 
Some, and Eawlutone* Third Edition ; with 
6 Illustrations. Fcp. 8yo. price 48. 6d. 

Sleigh.— Personal iWrongs and Legal 

Bemedies. By W. Campbbll Slbigh, of 
the Middle Temple, Esq., Barrister-at-Law. 
Fcp. 8yo. 28. 6d. 

Smee's Elements of Electro-Metallurgy. 

Third Edition, reyised, corrected, and con- 
siderably enlarged ; with Electrotypes and 
numerous Woodcuts. . Post 8yo. 10s. 6d. 

Smith (G.) — History of Wesleyan Me- 
thodism. By Qeobgb Smith, FA.S., 
Member of the Boyal Asiatic Society, &c. 
Vol. T. Wetlay and hi* Times; and Vol. 
II. The Middle Age of Methodism, from the 
Death of Wesley in 1791 to the Confer- 
ence of 1816. Crown 8yo. price Ids. 6d. 
each yolume. 

Smith (J.) —The Voyage and Shipwreck 

of St. Paul : With Dissertations on the Life 
and Writings of St. Luke, and the Ships and 
Kayigation of the Ancients. By James 
Smith, of Jordanhill, Esq., F.B.S. Second 
Edition ; with Charts, Views, and Wood- 
outs. Crown 8yo. Ss. 6d. 
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The Wit and Wisdom of the Rev. Sydney 

Smith : A Selection of the most memorable 
Passages in his Writings and Conyersation. 
16mo. 7b. 6d. 

The Rev. Sydney Smith's Elementary 

Sketches of Moral Philosophy, deliyered at 
the Boyal Institution in the Years 1804, 
1805,andl806. Thbrd Edition. Fcp.STO.Ts. 

The Rev. Sydney Smith's Miscellaneoas 

Works : Including his Contributions to The 
Edinburgh Beview. Four Editions : — 

1. A LiBKABY Editiok (the Fourth), in 3 
Tols. 8to. with Portrait, 36s. 

2. Complete in One Volume, with Portrait 
and Vignette. Square crown 8vo. price 
21s. cloth ; or 308. bound in calf. 

3. Ant>ther New EDinoir, in 3 rols. fcp. 
8to. price 21s. 

4. The People's Editiok, in 2 vols, crown 
8to. price 8s. cloth. 

A Memoir of the Rev. Sydney Smith. 

Bj his Daughter, Lady Hollaio). With 
a Selection from his Letters, edited bj 
Mes.Austik. New Edition, 2 Yols. 8to. 28s. 

Snow.— Two Years' Cruise oflf Tierra 

del Fuego, the Falkland Islands, Patagonia, 
and the Riyer Plate : A Narratiye of Life 
in the Southern Seas. By W. Pabkee 
Snow. With Charts and tinted Illustrations. 
2 Yols. post Syo. 24s. 

Robert Southey's Complete Poetical 

Works ; containing all the Author's last In- 
troductions and Notes. The Library Edi- 
tion, complete in One Volume, with Por^ 
trait and Vignette. Medium 8yo. price 21s. 
cloth ; 4)2s. bound in morocco. — Also, the 
First collected Edition, in 10 Yols. fcp. 8yo. 
with Portrait and 19 Vignettes, price 35s. 

Southey's Doctor, complete in One 

Volume. Edited by the Rcy. J. W. Wabteb, 
B.D. With Portrait, Vignette, Bust, and 
coloured Plate. Square crown 8yo. 21s. 

Southey's Life of Wesley ; and Rise and 

Progress of Methodism. Fourth and cheaper 
Edition, with Notes and A.dditions. Edited 
by the Author's Son, the Roy. C. C. 
SouTHEY, M.A. 2 Yols. crown 8yo. 12s. 

Spencer.— Essays : Scientific, Political, 

and SpeculatiYC. By Hebbebt Sfenceb, 
Author of Social Statics. Beprinted chiefly 
from Quarterly BcYiews. 8 yo. price 128.cloth. 

Speneer.—The Principles of Piyohology. By 
Hebbebt Sfbkoeb, Author of Social Statics. 
8yo. price 168. doth. 



Spitta's German Household Hymns.— 

Lyra Domestica : Christian Songs for Do- 
mestic Edification. Translated from the 
Psaltery and Harp of C. J. P. Spitta. By 
RiCHABD Massib. Uniform with Lyra 
Oermanica. Fcp. 8yo. with Portrait, 4s. 6d. 

"AN attractiYC little book, perYaded by a 
Jlx. spirit of quiet, loYing, dcYOut Yersifioa- 
tion." Etakgelioal Magazine. 

Sir James Stephen's Essays in Eccle- 
siastical Biography. Fourth Edition, com- 
plete in One Volume ; with a Biographical 
If otice of the Author, by his Son. 8yo. 14s. 

Sir James Stephen's Lectures on the Hiittory of 
France. Third Edition. 2 yoIs. 8yo. 24s. 

Stonehenge.— The Dog in Health and 

Disease : Comprising the l^atural History, 
Zoological Classification, and Varieties of 
the Dog, as well as the Yarious Modes of 
Breaking and Using him for Hunting, 
Coursing, Shooting, &c. $ and including the 
Points or Characteristics of Toy Dogs. By 
Stokehenge. With 70 Illustrations on 
Wood. Square crown 8yo. Its, half- bound. 

Stonehenge's Work on the Oreyhonnd: Being a 
Treatise oo the Art of Breeding, Bearing, 
and Training Greyhounds for Public Run- 
ning ; their Diseases and Treatment : Con- 
taining also Bules for the Management of 
Coursing Meetings, and for the Decision of 
Courses. With Frontispiece and Woodcuts. 
Square crown 8yo. 21s. 

Stow.— The Training Sys1;pm of Educa- 
tion ; including Moral School Training for 
large Towns, and the Normal Seminary for 
Training Teachers to conduct the System. 
By David Stow, Esq., Glasgow. ElcYenth 
Edition, enlarged ; with Plates and Wood- 
cuts. Post 8yo. price 6s. 6d. 

Strickland. — Lives of the Queens of 

England. By Agnes StbicklanD. Dedi- 
cated, by express permission, to Her Ma- 
jesty. Embellished with Portraits of CYery 
Queen, engraYcd from the most authentic 
sources. Complete in 8 Yols. post 8 yo. price 
7s. 6d. each. 

Tate.— On the Strength of Materials; 

containing Yarious original and useful For- 
mula, specially applied to Tubular Bridges, 
Wrought Iron and Cast Iron Beams, &c. 
By Thomas Tate, F.R.A.S. 8yo. 5s. 6d. 

Thirlwall.— The History of Greece. By 

the Bight Boy. the Lobd Bishop of St. 
Dated's (the BcY. Connop Thirlwall). 8 
Yols. 8yo. with Maps, £3. 

ThirlwaU'i History of Greece. Cabinet Cyclo- 
peedia Edition in 8 Yols. fcp. 8yo. with 
Vignette Titles, 288« 
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THE TRAVELLER'S LIBRARY, 

Complete in 102 Farts, price One Shilling each, or in 50 Volames, price 2«. M. each 
in cloth, — To be had also, in complete Sets only, at Five Guineas per Set, bound 
in cloth, lettered, in 25 Volumes, classified as follows : — 



VOYAGES AND TRAVELS. 



IN EUROPE. 



▲ Continental Tour, by J. Barrow. 

Arctic YoyagM and DiscoTeries, by Fanny Mayne. 

Brittany and the Bible, by I. Hope. 

Brittany and the Chase, by I. Hope. 

Coratoa, by F. Gregoroviua. 

Germany, Ac., Notes of a Trayeller, by S. Laiag. 

Iceland, by P. Miles. 

Norway, a Residence in, by S. Laing. 

Norway, Rambles in, by T. Forester. 

RosbU, by the Marquis De Costine. 

RoBsft and Turkey, by J. R. M'Culloch. 

St. Petersburg, by M. Jerrmann. 

The Russians of the South, by S. Brooks. 

Swiss Men and Swiss Mountains, by R. Fergnaon* 

Mont Blanc, Ascent of, by J. AuldJo. 

Sketehes of Nature in the Alps, by F. Yon Tsehudi, 

Yisit to the Yaudois of Piedmont, by E. Baines. 



IN ASIA. 

China and Thibet, by the Abb6 Hue. 
Syria and Palestine, hy ** Eothen." 
iTie Philippine Islands, by P. Gironidre. 

IN AFRICA. 
AfHeaa Wanderings, by M. Weme. 
Morocco, by X. Durrieu. 
Niger Exploration, by T. J. Hutchinson. 
The Zulus of Natal, by G. H. Mason. 

IN AMERICA. 

Brazil, by E. WUberforce. 

Canada, by A. M. Jameson. 

Cuba, by w. H. Hurlbut. 

North American Wilds, by C. Lanman. 

IN AUSTRALIA. 
Australian Colonies, by W. Hughes. 

ROUND THE WORLD. 

A Lady's Yoyage, by Ida Pfeiifer. 



HISTORY AND BIOGRAPHY. 



Memoir of the Duke of Wellington, _ _ 

The Life of Marshal Turenne, by the Bey. T. 0. 

Cockayne. * 

Sohamyl, by Bodenstedt and Wagner. 
Ferdinand I. and Maxmillian II. by Banke. 
Francis An«o's Autobiography. 
Thomas Holcroft's Memoirs. 
Chesterlieid and Selwyn, by A. Hayward. 



Swift and Richardson, by Lord Jeffirey. 
Defoe and ChurohilL by J. Forster. 
Anecdotes of Dr. Johnson, by Mrs. Piozzi. 
Turkey and Christendom. 
Leipeic Campaign, by the Rey. G. R. Gleig. 
An jSsaay on the Life and Genius of Thomas FuUsr, by 
Henry Rogers. 



Warren Hastings. 
Lord Cliye. 
William Pitt. 
The Earl of Chatham. 
Ranke's History of the Popes. 
Gladstone on Church and State. 
Addison's Life and Writings. 
Horace Walpole. 



ESSAYS BY LORD MACAULAY. 

Lord Bacon. 



Lord Brron. 

Comic Dramatist of the Restoration. 

Frederic the Great. 

Hallam's Constitutional History. 

Croker's Edition of BosweU's uib of Johnson. 



Lord Macanlay's Speeches on Parliamentary Reform. 



WORKS OF FICTION. 



The Loye Story, firom Southey's Doctor, 
Sir "Roger de Coyerley. firom the ShfeotcUor. 
Memouv of a Mattre-d'Armes, by Dumas. 



Confessions of a WorkingMan, by E. Souyestre. 
An Attic Philosopher inTaris. by E. Souyestre. 
Sir Edward Seaward's Narratiye of his Shipwreck. 



NATURAL HISTORY, &c. 

Natural History of Creation, by Dr. L. Kemp. I Our Coal*Fields and our Coal-Pite. 

Indications of lustinot, by Dr. L. Kemp. Ocnrnwall, ite Mines, Miners, Scenery, Ac. 

Electric Telegraph, &c., by Dr. G. Wilson. > 

MISCELLANEOUS WORKS. 



Lectures and Addresses by the Earl of Carlisle. 
Selections from Sydney Smith's Writings. 
Printing, by A. Stark. 



Railway Morals and Railway Policy, by H. Spencer. 
Mormonlsm, by the Rey. W. J. Conybeare. 
London, by J. R. M'Culloch. 



Tennent. — Ceylon ; an Account of the 

Island, Physical, Historical, and Topo- 
graphical; with copious Notices of its 
Natural History, Antiquities, and Produc- 
tions. Illustrated by 9 Maps, 17 Plans and 
Charts, and 90 Engrayings on Wood. By 
Sir J. Emebbon Tbnnent, K.C.S., LL.B., 
&c. Fifth Edition, thoroughly reyised; 
with a new Index, and other Additions. 
2 vols. 8vo. £2. IDs. 

Thomson's Seasons. Edited by Bolton 

Cornet, Esq. Illustrated with 77 fine 
Wood Engravings from Designs by Mem- 
bers of the E tching Club. Square crown 8 vo. 
21s. cloth ; or 36b. bound in morocco. 



Thomson (the Rev. Dr.) — An Outline of 

the necessaiy Laws of Thought : A Treatise 
on Pure and Applied Logic. By William 
Thomson, D.D. Chaplain in Ordmary to the 
Queen ; Provost of Queen's College, Oxford. 
6th Edition^ improved. Post 8vo. 6s. 6d. 

Thomson's Tables of Interest, at Three, 

Four, Four-and-a-Half, and Five per Cent., 
from One Pound to Ten Thousand, and from 
1 to 865 Days, in a regular progression of 
single Days ; with Interest at all the aboTe 
Bates, fr^m One to Twelve Months, and 
from One to Ten Yean. Also, numerous 
other Tables of Exchanges, Time, and 
Discounts. New Edition. 12mo. 89. 6d. 
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The Thumb Bible ; or, Vflrbnm Sempi- 
tsruum. B7 J. TiTliOB. Being an Bpi- 
tome of the Old aad New Testaments in 
English Terse. B4aao. li. fid. 

Todd (Dr.) -The Cyclopeedia of Anatomy 

and Phniology. Kdited bv BobebT B, 
Todd, M.D.,F.B.9. Assistedin the various 
departments bj nearly all the most eminent 
cultiTatora of phjsiological science ol tbo 
present age. BoweoioplBle in S vola. Svo. 
pp. 6,350, illustrated with 2,653 Wood- 
cuta, price £6. 6^, clotb. 

Tooke.— History of Prices, and of the 

State of the Oiroulation, during the Nbe 
Tears from 1B4S to 1BS6 incluaiTC. Fonn- 
ing Vols. V. and VI. of Tooke's HUtary of 
Frica Jj-om 1792 la H' year 1867; and 
comprising a copious Index to the Six 
Volumes. B; Tboius Tooex, F.B.S. and 
WiuxiJC IfBWiUBaB,' 2 vols. Svo. 63a. fid. 

Trevelyan (Sir C.) — Original Papers 

illustrating the History of the Application 
of the Bomau Alphabet to the Languages 
of India. Edited by Mohikh Williams, 
M.A., Iste Professor of Sanskrit in the 
East-India College, HaUeybury. Svo. 12s. 

Trollope.— The Warden ; a Novel. By 

AsxKDKTTftotLOPB. New and cheaper Edi- 
tion. Grown 8to. price Ss. 6d. clotn. 
Trollope'B Barohester Towera, a Seqtiel to the 
Warden. New and ehoaper Edition, com- 
plete in One Volume. Crown Svo. 6a. 

Sharon Tomer's History of the Anglo- 
Saxons, from the Earliest Period to the 
Norman Conquest. Seventh Edition, revised 
by the BeV. S. Iubkbb. S vols. Svo. 86b. 

Dr. Torton's Manual of the Land and 

Presh-Water Shells of Great Britam ; With 
Figures of each of the kinds. New Edition, 
with Additions, by Dr. J. E. GiuT, F.B.S., 
^., Keeper of the Zoological Collection in 
the British Museum. Crown 8to. with 12 
Doloutfld Plates, price 15s. olotb. 

Twisden. — Elementary Examples in 

Mechanics, comprisina copious ExpUnations 
and Proofs of the Fuodamental Propositions. 
By the Bev. JoHH P. TwiSDBir, M.A., Pro- 
fessor of Mathematioa in the Staff College. 
Crown Svo. 129. 
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Dr. Ure's Dictionary of Arts, M annfac- 

tures, and Uines : Oontwning a clear Expo- 
sition of their Principles and Practice. 
Fifth Edition, ohieSy rewritten and greatly 
enl&rged ; iltuetrated with nearly 2,000 
Engravings on Wood. Edited by BoBBET 
Ht!bt, F.E.S., F.B.S,, Keeper of Mining 
Becords, Ac., assisted by numerous gentle- 
men eminent in Science and connected with 
the Arts and Msnubctures. 8 vob. Svo. 
price £4. cloth. 

Walford.— The Handybook of the Civil 
Service. By Edwabd Walfobs, M.A., late 
Scholar ofBalliol College, Oxford. Pep. Svo. 
4t.U. 

Warbtirton.— Hunting Songs and Mis- 

cellaneouB Verses. By B, E, Esbbtom 
WABBUBroK. Second Editian. Fcp.8vo.6s. 

Waterton.— Essays on Natural History, 

chieGy Ornithology. By 0. WATBETOif , Esq. 
With the Autobiography of the Author. 
Thhek Sbbibs. 3 vols. fcp. Svo. Ifis. 
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Webb. — Celestial Objects for Common 

Telescopes. By the Eev. T. W, Wbsb, 
M.A., P.RA.a. With Woodcuts, and a 
large Map of the Moon. IGmo. 7s. 
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Webster and Parkes's Encyclopedia of 

Domestio Boonomy ; comprising auoh sub- 
jects aa are moat immediately connected with 
Housekeeping. With neuly 1,000 Wood- 
cuts, Svo. price 6O1. 

Weld.— Two Uonths in the Highlands, 

Ormdia, and Skye. By Cbablbs Bichabo 
Wbld, Barrister-at-Law, With 4 coloured 
Illustrationa and 4 Woodcuts. Post Svo. 
price 12b. fid. 

Weld's Fjreneei, Weat and East; it Bnmmet 
HoUday in I85S, With lEoitrationa from 
Drawings by the Author. Post 8vo, 12a. fid. 

Weld's Taeation Toni in the United StstM 
and Canada. Post Svo. with Map, 10a, fid. 

Veld'a Vacatioai in Ireland. Pa«t Svo. with 
View, lOs, fid. 



